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this  period  was  primarily  directed  to  the  development  of, 

and  testing  associated  with,  a high  pressure  consolidation 

cell.  Most  of  the  testing  had  bperi  concerned  with  kaolinite 

J ff  Ip*®*  . f i ' I :-W  ■. 

clays  waters  of  v.ryin,  ..Unity;  the  applied 

pressures  approached  10,000  psi  end  all  the  testing  was 
carried  out  at  room  temperature.  The  present  grant  was 
intended  to  enable  the  testing  to  extend  to  clays 
associated  with  other  clay  minerals  (specifically  mont- 
moril Ionite)  and  to  enable  temperatures  to  be  applied 

thus  simulating  geothermal  conditions . 


during  testing 


The  research  programme  was.  or ig inally  conceived  by 
the  Principal  Investigator  in  the  early  1960s.  The 
aim*  at  that  time,  was  to  construct  a high  pressure 
consolidation  cell  which  could  simulate  the  progressive 
burial  of  sedimentary  material  up  to  depths  of  about 
10,000  ft.  and  then  its  subsequent  exhumation.  In  order 
that  results  comld  be  related  to  natural  events  three 
mala  facilitias  were. considered  necessary: 

(h)  control  Of  "overburden”  pressure 

(b)  control  of  *ore  fluid  pressure 

(c)  control  of  "geothermal"  temperature  ? 

A grant  was  obtained  from  the  Natural  Environmental 
Research  Council  by  Dr.  P.G.  Fookes  in  1967,  and  extended 
for  fivo  yoart.  Rosoarch  was  than  directed  primarily 
towards  fiald  studies  of  overconsolidated  clays,  and 
develepnent  end  construction  of  the  high  pressure  con- 
solidation cell  proceeded  steadily  but  slowly.  Not 

1971  was  the  Consolidation  Coll  able  to 
only  under  the  crudest  ferns  of 
time*  with  the  resignation  oi Dr. 


to  concentrate  efforts  on  the  Cell.  By  the  husbanding 
of  financial  resources  it  was  possible  to  proceed  with 
the  developmcint  of  the  sophisticated  hydraulic  and 
electronic  control  systems.  This  development  was"0'1’"' 
materially  assisted  by  a grant  (DA-ER0-S91-73-G001S) 
from  the  European  Research  Office  for  the  period  March- 
august  1973,  and  then  by  a second  grant  referred  to  in 
1.1  above;  this  research  programme  has  been  reported  in 
Knill  et  al.  1974. 


Since  early  1973,  therefore,  the  project  has  been 
primarily  supported  by  the  European  Research  Office, 
jointly  with  Imperial  College.  At  the  present  time, 
almost  ten  years  after  initial  plans  were  being  made 
for  funding  the  project,  it  is  possible  to  view  the 
research  reasonably  objectively.  It  is  now  very  clear 
that  the  mechanical,  hydraulic  and  electronic  require- 
ments of  the  equipment  designed  in  1907  and  1968  were 
over-elaborate  in  terms  of  the  grant  then  available. 

In  the  long-term  an  invaluable,  unique  piece  of  equipment 
has  resulted  but  it  has  taken  longer,  and  cost  more  to 
dmilgn,  develop  and  construct  that  originally  conceived. 

In  retrospect  this  is  not  a bad  result  as  the  scientific 
potential  of  the  equipment  now  available  is  considerable. 

The  major  problems  of  development  can  now  be  Said  to  be 
solved  in  that  the  Cell  can  produce  important  scientific 
results,  consistently  and  reliably.  However,  further 
development  Is  possible  and,  in  the  long-term,  highly 
desirable.  Such  development  will  relate  specifically 
to  the  control  of  pore  water  pressures,  method  for  achieving 
pore  water  substitution,  in  situ  instrumentation  of  the 
samples  undergoing  testing,  and  the  control  and  measurement! 
of  radial  stres*es  » in>  the  sample  during  loading  and 


not  it  mas  appreciated  that  electrical 
expertise  would  he  required  to  get  the  high 
her  and  ilary  equipment  Into  work i ng  order 
i.  the  stiffing  arrangements  for  the  research 


Professor  J.L.  Knill : 


n *»jk 


1.4 


Mr.  M.H.  de  Freitas: 


Mr.  B.AV  Clarke: 


Mr.  K.  Armstrong: 
Mr.  D.W.’,  Jones: 


Dr.  D.C.  Wijeyeseicera: 
Mr.  M.S.  Rosenbaum: 


Principal  investigator 
Academic  member  of  staff, 
responsible  for  co-ordin- 
ation of  academic  and 
technical  work. 

Technician  with  chief 
responsibility  for  all 
mechanical  aspects  of  the 
work,  and  also  with  general 
responsibility  for  all 
equipment  once  assembled. 

1973- 74  technicians  with 

1974- present) chief  responsibility 
for  design,  manufacture  and 
maintenance  of  electrical 
systems  required  for  the 
project. 

1971-74  ) Research  students 

1974-present)using  the 
equipment  as  an  integral 
part  of  their  own  research. 


■JU 


Both  technicians  responsible  for  electronics  have 
been  supported  by  BRO.  Professor  Knill,  Mr.  de  Freitas 
and  Mr.  Clarke  are  employed  by  Imperial  College.  The 
research  students  have  been  supported  by  grants  from 
the  Natural  Environment  Research  Council  of  the  U.K. 

At  the  time  the  grant  commenced  efforts  were 
concentrated  on  producing  reliable,  controlled, 
repeatable  compaction  of  samples.  This  entailed 
developing  the  system  for  generating  axial  compaction 
pressures  and  maintaining  them  for  periods  of  up  to, 
and  in  some  cases,  exceeding  30  days.  It  also  entailedJ 
solving  the  problems  of  sealing  the  fluid  used  for 
compaction  from  the  compacting  sample. 

' k f j ; ' . ' "jf  • • " £*  < ./•  ; w •££*>'  A.s.-!-  > 

Progress 

The  progress  made  during  the  period  of  this  grant 
basically  fallowed  two  parallel  paths:  i.e.  progress 
wftlj  the  development  of  the  equipment,  and  progress 
with  that eating  and  understanding  of  consolidation. 
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4.1  Equipment 
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The  problems  associated  with  attaining  reliable  and 
controlled  axial  conpaction  in  the  high  pressure  equipment 
centred  about  a control  device  referred  to  later  in  this 
roport  as  .the  pencil  piston:  an  electro-aeiehamicsl  system 
that  was  subjected  to  wear.  This  problem  was  resolved 
by  limited  re-design  and  enabled  loading  to  be  satis- 
factorily  accomplished.  However,  unloading  presented  a 
prbbiem  because  the  seals  that  were  used  inside  the 

i — O :f  •' ! i t £ I 

equipment  remoulded  under  pressure  and  permitted  leakage 
to  occur  when  pressure  was  reduced.  The  tests  were 
therefore  not  repeatable  in  their  latter  stages. 
Considerable  project  time  was  spent  solving  this  problem. 
Seals  were  redesigned  and  tested  in  ancillary  equipment; 
some  were  purpose  made.  Once  the  scaling  problems  had 
been  overcome  the  equipment  proved  to  be  capable  of  a 
reliable,  reproductible  performance. 


The  next  major  area  of  progress  followed, vis.  the 
provision  of  facilities  to  heat  the  sample  within  the 
high  pressure  equipment.  Here  the  major  problem  was  to 
produce  a control  system  that  could  brihg  the  sample  to 
: ? a set  temperature  and  maintain  that  temperature  whilst 
also  permitting  the  controls  for  the  axial  compaction 
jfystem  to  cope  with  thermal  expansion  of  the  equipment, 
the  fluid  used  for  compaction  and  the  pore  fluid  within 
the  sample.  Control  systems  and  components  were  tested 
on  ancillary  equipment  (standard  laboratory  ^vdometers 
and  a Rowe  Cell)  prior  to  their  selection,  and  installation 
within  the  high  pressure  equipment.  Only  then  was  it 
n$bSilblc  to  assess  the  response  of  the  seels  to  elevated 
temperatures ; once  again  sealing  problems  developed.  Our 
expatience  from  previous  sealing  problems  permitted  this 
diffictiity  to  be  Overcome  relatively  quickly,  the  seals 
have  now  been  proven  to  tO°fc,  the  present  thermal  limit 
of  our  soil  testing  programme. 

The  tb ibd  tree  of  progress  cou id  them  commence,  vis. 
ibe  twbiitUutioe  of  pore  fluid  within  * sample  under  test. 
Here,#*  before,  complete  systems  were  designed,  constructed 
end .totted  on  and US iy  equipment  prior  to  their  selection . 

A system  has  mow  boon  chosen  and  is  currently  being  tested, 
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drag  on  the  it4li  of  the  ipeciant  and  on  the  co*»i«l 
*0*1*.  The  liners  would  also  function  os  so  insulation 
against  bootless. 
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As  consol idst ion  occurs  tho  Inverted  cup  assembly, 
described  obove , slides  down  Over  the  envil  below  it; 
pore  fluid  in  the  specimen  is/ prevented  from  escope 

the  anvil  by^enaxial  low  friction  seels.  Pore 
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ed  to  dtgfesnnhie the Consolidation  Cell  is 
t the  above.  An  extractor  is  need  to  renew 
cup  iron  the  specinen  and  lower  plug. 


The  developnent  work  undertaken  during  the  three 
years  1*73  to  1976  was  uainly  ained  at  inproving  the 
r.H.hUJtr  Of  th.  •q.lpatot  art  providing  additional 
faeilitiaa  to  nlin*.  th.  itaditlH  .1  natural  burial 


2.2.1  Heating  iacilitie* 

Two  heaters  have  been  installed,  one  around  the  walls 
of  the  specimen  cup,  and  the  other  at  the  upper  end  of  the 
specimen  cup.*  The  services  to  supply  the  heaters  and  the 
temperature  sensing  probes  that  were  also  installed,  had 
to  be  passed  into  the  consolidation  cell. through  specially 
constructed  connectors:  Fig.  2.7.  These  were  constructed 
from  glass  filled  resin,  shaped  in  such  a way  that  the 
central  plug  is  forced  into  its  socket  by  the  Hydrostatic 
pressure  that  would  hear  on  its  upper  surface  (Fig.  2.7(H).) 
This  gives  perfect  sealing.  To  give  the  unit  sufficient 
shear  strength  it  is  mounted  in  a stainless  steel  socket 
and  supported  in  such  a way  that  the  unit,  when  loaded,  is 
subject  to  triaxial  compression. 


2.2.2  Seating  {aeilitiei 

The  seals  within  the  high  pressure  equipment  have, 
in  the  majority  of  cases,  worked  well.  Quo  area  has 
been  a source  of  concern  from  the  early  stages  of  the 
project,  viz.  the  lower  O-ring  used  to  seal  the  pore  fluid, 
in  the  specimen,  from  the  hydraulic  fluid  surrounding  the 
specimen  cup.  This  seal  is  situated  at  the  lower  end  of 
the  specimen  cup  close  to  where  drainage  occurs,  and  is 
subject  to  a severe  pressure  differential,  it  being  the  main 
seal  Separating  the  consolidating  (P^)  pressure  from  the 
back  pressure  in  the  sample,  which  is  atmospheric  pressure. 
This  ring  had  a tendency  to  roll  unevenly  with  the  downward 
movement  of  the  specimen  cup.  The  problem  of  sealing  at 
the  lower  end  was  further  aggravated  when  the  heaters 
were  used,  as  the  O-ring  would* Also  remould.  This  seal 
therefore  had  to  be  replaced  after  each  test;  a costly 
procedure.  This  seal  has  now  been  replaced  by  an  energised 
viton  rubber  PTFJB  seal  of  flat  section.  This  means  that 
the  seal  sits  in;  a housing  that  is  of  similar  size  and 
shape;  remoulding  of  the  seal  is  therefore  reduced.  One 
seal  now  lasts  approximately  10  tests,  depending  on 
conditions.  The  new  materials  used  reduce  the  friction  of 
the  seal  and  its  tendency  to  remould:  see  Fig.  2.8. 


Anti* contamination  iacilities 

The  chemistry  of  the  pore  fluids  expelled  during 
ompection  became  a subject  Of  considerable  interest  during 


Call  and  Ram  Pump  Assembly 

8-  Axial  Displacement  Meter 

9.  Priming  Pump  Remote  Control 

10.  Pj  Ram  Pump 

11.  Pj  Pressure  Gauge 

12.  Frame  fbr  3 PUmps 

13.  Gearbox 

14.  D.C.  Servo  Motor  on  P.  Pump 


1.  Cell  Lower  Tube 

2.  Toggle  Ring  6 # 

3.  Cefl  Upper  Tube. 

4.  Gimbal-type  Supports 

5.  Screw  Jack 

6.  Part  ol  Bail  Stack 

7.  Part  of  Chain 'Hoist 
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(c)  the  measurement  of  consolidation  (Ah) 


These  »re  diagrammatic* l)y  illustrated  in  Fig.  2.10. 

All  monitoring  and  rWcqfding yetomsyor^,  and  still  are, 
housed  in  a control  console.  Pig.  2.11,  which  stands 
on  a mezisnineflooT  abovr  the  test  equipment**  Leads 
fron  the  various  jpiejces  of  elect roqic  equipment , motors, 
t ransducer s powrr  ruppl i es , et£ . , are  a 1 1 channelled 
to  terminal  boxes  and  thence,  by  nain  cable  lfinks,  to  the 
control  console!  ! 

i ? i 

. 4)  th.-iti't  >jii»  i irt,i«rtf,wr  r I 

KUtl  pLu*uxnrtt  | w H j 

This  kjr.tn.-RSs  to  contlfrtTie  ,ener.tton..»iiitei..nc 
ihd  decay  pf  an  hydraulic  prep sure  that  is  used  to  compact 
the  test  a^e«^f$s  :rasj  compaction  is  purely  axial  tha  system 
is  known  as  the  axial  pressure  system.  The  maximum 
pressure  to  be  gen«#^^Ii; J^Q^^J^|ich  (has  to  be  held 
at  any  pressure,  tO'  t|ilthin  a stability,  6f  +10.11:  Fig.  2.2 
illustrates  the  sy^^-uhich  is  dfserf^d  iq  Section  2 el* 
The  basic  electronics  associated  pith ’this  system  are 
the  programming  unitfor  the  soleno id  f^int ralfin^ 
release  of  bells  t . the  f icroswitches 
that  sense  the  resulting  movement  of  the  pencil  pison,  and 
the  motor  that  drives  the  ram  pump. 


The  ball  time  r# lease  mechanism  that;  controls  the 
soienoid  automatically  releases  balls  fro#  the  hall  stack 
at  programmed  intervals  of  time,  ceasing  at  a specified 
count,  equivalent  to  the  maximum  loqd  required.  This 
automatic  system  can  be  overridden  by  a manual  control. 
Pig.  2.12  illustrates  the  control  panel. 


The  nicro-evitclt'  tensors  monitor  the  position  of 
the  pencil  piston:.  This  la  a floating  piston  supported 
by  am  hydraulic  pressure,  from  the  ram  pump,  that 
balances  tha  load  applied  to  it  fron  the  loading  buckets 
This  balance  la  sensed  by  the  micro-switches.  When  the 
pencil  tin*.  below  'the'  'balance '"point ' the  loner  ' sensor 
activates  the  ram  pump  motor  aid  tha  hydraulic  pressure 
in  the  P,  Una  is  iaeraatod.  Thin  coatiaues  until  tha 
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this  systen 

is  liable  to  leakage  and  Mechanical  wear  facilities  have 
beemf^rovidedthat  shawls  the  ran  puap  aotor  to  ke  oper- 
stsd  using  this  Manual  control*  illustrated  in  Fig.  2.13. 
The  Micro- switches  continue  to  Operate  when  the  systea  is 
under  Manual  control  and  will  delay  any  change  in  pressure 
that  tecreassji  iab^lpaeo.  '('[)  Q j 


The  raa  puap  notor  is  controlled  so  to  increase 
or  decrease  tfigp  load  provided  h^  the  raa  pimp  on] the 
hydraulic  flujuTforthe travel  is 
protKt.<i  by  inw  mm** 

further  aoveaent  when  the  liait  of  raa  puap  travel  has  been  • 
reached. 

la  addition  to  these  basic  iteas  there  is  also  a 
priaing  puap  which  has  a valuable  speed  control  that  can 
be  pre-set  at  any  designed  rate.  This  priaes  the  raa 
puap  to  70  psi  , and  purges  the  systea  of  air.  Once  at 
70  psi  the  pressure  pencil  piston  systea  can  operate 
efficiently.  A pressure  Switch  prevents  excessive 
pressares  being  developed  in  the  systea  whilst  the 
priaing  puap  Is  in  operation.  The  pupp  is  controlled 
by  e siaple  ON-OFF  unit .with  a renote  control  torainal 
situated  near  the  tost  onu ffttinf  so  t%it  the  puap  can 
be  controlled  by  the  test  operates 

t The  entire  Pj  systea  is  illustrated  in  Fig.  2.14. 

2.1.2  foil  *****  ,fac| 

The  pressure  of  pore  fluids  within  the  staple  is. 
aoasared  by  a pressure  transducer.  Because  the  difference 
between  the  axial  ?i  pressure  end  the  pore  pressure  is  of 
considerable  significance  to  the  consolidation  of  granular 
aetoriala  tho  output  froa  the  Pt  and  ux  pressure  transducers 
have  been  filtered  end  aaplified  so  that  they  nay  be  visually 
displayed  ea  digital  volt  aeters  end  autonat ically  recorded 
ea  • data  logger. 

The  central  panel  for  this  isthown  on  Fig*  2.1$. 


Thu  Ceaaoiidetina  aaociMon  results  la 


InlflHmH 


minor  jdlvisi 


2.  film  W< 
the  time 


lit:  selects  filter  constant.  When  ’out* 
constant  is  0*,1  saconda:  whan  'in'  1.1 
openitionthe  filter  is  'in'. 

r:  •>  V ••  >r-7’  ’ \ 

supply  fuse:  of  low  intamal  resistance 
Output  ciftuit  of  the  power  supply. 


Control  Layout  for  Uf 
fif . 2. IS 


V e„£n  l L 


1.  Adjust  Liait:  preset  Control  sets  the  v 
displaceman? . Limits  beyond  which  the 
alar*  ia  initiated,  {The  Units  being  fron 

0 to  ♦ 0.5") 

2.  A lent:  used  to  turn  the  alarm  off  if  it 

hss  been  activated  either  by  the  displacement 
transducer  being  out  or  Unit  dr  by  maximum 
consolidation, beiac  achieved. 

3.  Displacement  Output  Connector:  an  extension 
point  for  connect ing  a remote  meter  if  required. 

1 vblt  represents  0.1”  of  movement. 

*2.  SM*jtirr?n  Its  , im  im -sc*  to 

4.  Alarm:  connector  which  is  pm  extension  point 
for  the  connector  of  an  extension  speaker  remote 
from  «He  laboratory.  Hss  extension  Speaker 


iucer:  connector  which  provides  a 
to  indicate  that  the  displacement 
i out  of  range.  (♦lSV  for  normal 
SV  for  aaxittfc  consolidation  occurred.) 

Hidation:  connector  mhich  provides ‘a 
te  indicate  that  maximum  consolidation 


Displacement  Mnltor  Control  Layout 

Pig.  2.tt  V;  ! 

, } i'i ^ it ' dWwfbsrarjrta  s $ 


h o i niy-yfr t^.vorj  q co . rttu  u, 
i v-Wt rjfc'l.  : ‘)w-oq  a <?•? 


and  this  displacement  is  Measured  using  s linear  displace* 
sent  transducer  of  0.6  inches  travel.  The  armature  is 
attached  to  the  top  of  the  specimen  cup  whereas  the 
transducer  body  is  attached  to  the  pressure  balanced  piston 
As  consolidation  is  generally  greater  than  0.6  inches 
it  is  necessary  to  periodically  jack  down  the  pressure 
balanced  pistonfliind  the  attached  transducer  body.  The 
output  from  the  trans^dler  is  recorded  at  the  start  , 
during  and  at  t|ie  end  of  this  operation  so  that  the  new 
position  fe  precisely  known.  Corrections  are  Made  for  the 
extension  of  thle  cell,  and  as  a result  a record  of  specimen 
consolidation  throughout  the  test  can  be  obtained  to  an 
accuracy  of  + 0.021.  An  alarm! system  is  incorporated  to 
warn  the  operator  that  the  limil~~of  transducer  traVel  has 
been  reached.  The  control  panel  for  this  system  is 
illustrated  in  il« . ^ i 


2.3.4  Otki*  t&cilitit* 


Data  logger.  A 25  column  Bell  and  Howell  digital 
printer  provided  printed  read-out  of  axial 
consolidation  and  compaction  pressure,  see  Fig. 

2.11.  The  accurate  clock  within  the  printer  is 
used  as  the  clock  for^the  system.  The  printer 
displays  four  columns  , of  four  figures  and  ome 
colflmn  of  five  figures,  the  latter  being  used 

■ . ■■  ■ 5 o ,vi  •••■  » 

for  recording  time  of  print-out,  in  minutes  from 
the  start  of  a tost,  and  the  former  for  the 
parameters  mentioned  above.  The  printer  can  be  used 
either  manually,  or,  as  is  more  visually  the  case, 
automat  ffafl^:  in  the  latter  reeding*  can  be 

recorded  at ‘Intervals  of  0.1,  1,  10,  20  and  100 

xlSjrtisR: , th  ■ -.L'1*  ■ •*  • 1 . • 


minutes,  m\ 


(b)  AUm.  In  omlcr  to  alert  the;  operator  that  the 
limit  of  travel  on  the  displacement  transducer 
measuring  compaction  has  boon  reached,  an  alarm 
mas  iaetellad.  The  alarm  caa  also  b#  used  during 
assembly  of  the  apparatus,  at  the  atage  when  the 
armature  of  the  displacement  transducer  is 
inserted  into  the  transducer  itself. 

(c)  Power  supply.  In  order  to  prevent  unscheduled 
termination  Of  a fast  due  to  a power  failure  ia  the 


e me.cuuKime.nt  And  eontnol 
iginal  system,  Huilt . in  1974 , was  electro- 
, consisting  6f  a thermocouple  linked  to  a 
it  was  driven  |y  a-  14v.  D.C.  motor.  The 
nged  the  voltage  to; the  heaters  and  hence 
•ture  jjf  the  specimen.  This  system  was 
eca|s<|  of) tkd  t^le  ^Sgt between  the  heaters 
ted  On,  or ;off,  and  the  response  of  the  system 
he  thermocouple,  The  sector  and  Variac 
iced  by  a hew,  fully  electronic  control 
it  kelpl  tie  temperature  of  the  sample  J^o 


* supply 
The  manually 


ti vised  reserve  power  Isupply  has 
fully,  automat ic  system*  Fig.  2.18 


y chargers  which  keep  the 
e.  J^ffhem  a power  failure 
utodeticaily  switched  on 
t can  do  for  up  to  4 hours 
mer  than  4 hours  various 


yM 

ent  prior  to  testing  and  the  initial  stages  of 
loading. 


2.5  Overall  Machine  'behaviour 

There  are  five  areas  where  the  total  response  of 
the  systeas  involved  is  of  importance  viz.  cell 
extension,  the  measurement  of  pressure,  the  aeasureaent 
of  consolidation,  the  rcsponst  of  the  pressure  generation 
systea  and  the  control  of  teaperature. 

2.5.1  Cltl  extension 

As  pressure  within  the  cell  increases,  so  the  cell 
expands.  Fig.  2.20  illustrates  this  dcforaation.  As 
the  compaction  of  the  saaple  within  the  cell  is  measured 
by  a transducer  which  is  housed  in  such  a way  that  its 
body  aoves  with  the  expanding  cell,  the  movement 
accompanying  expansion  has  to  be  subtracted  from  the 
transducer  readout.  This  is  done  by  the  computer 
prograa  that  handles  the  raw  data  from  any  test. 

2.5.2  Faeaauae  miasuAtment 

Pressure  is  measured  by  transducers  and  a read-out 
drift  is  present  with  increasing  pressure.  Fig.  2.21 
is  a typical  error  curve  for  the  measuring  systems  used. 
Each  systea  is  adjusted  so  that  the  aean  error  over  its 
range  is  a ainiaua. 
v 

2.5.3  Consolidation  mtoAuntmtnt 

As  described  in  2.5.3  axial  coapaction  is  aeasured 
using  a displacement  transducer.  The  calibration  chart 
for  this  systea  is  shown  in  Fig.  2.22.  Repeatability  is 
within  ♦ 5 x 10-4  inches. 


2.5.4  Paeaauae  itsponst 

The  axial  pressure  systea  described  in  section  2.3.1 
••aerates  • response  of  the  type  shown  in  Fig.  2.23.. 

Hero  pencil  piston  movement,  aeasured  axial  pressure, 
tine  of  pump  operation  and  ball  release  are  all  compared 
on  a common  tine  axis. 

2.5.5  Teaptaeluac  aeapenac 

Fig.  2.24  illustrates  the  teaperature  control  that 


Transducer 


Displacement  Transducer  Calibration 


displ 


Tnperature  Control 


can  now  be  attained  with  the  Modifications  described 
in  section  2*4.1.  This  systen  is  now  sufficient  for 
our  needs. 

2.6  General  specification:  1976 

Tables  2.1  and  2.2  describe  the  general  specification 
for  Materials  and  capabilities  for  the  high  pressure 
apparatus  as  it  exists  in  August  1976.  i 


RK LEVANT  INFORMATION 


MATERIAL 
Wrought  Steel 


Pressure  Vessel 


B.S.*  970,(1955)  En  26 
British  Stefel  Corpn. 

Oi2V  proof  stress  44  L.T./in 


Ultimate  tensile  strength  60  L.T./in 
(9.5  x 103  kg/cm2) 


Henty  Wiggin  NILO  36  Specimen  cup  wall 

0.21  proof  stress  (20°C)16  L.T./in2 

(2.5  x 103  kg/cm2)  dilatoraetOr  band 

0.21  proof  stress  (200°C)7  L.T./in2 

(1.1  x 103  kg/cm2)  axial  compaction 

Young’s  modulus  20  x 106ip$l  transducer 

(1.406  x 106  kg/cm2)  support  shaft 

Thermal  conductivity  0.025  cal/cm 

sec°C 

Thermal  expansion  (mean  linear 
20-200°C) 2 .6  x 10”6/°C 


* Low  Expansion 
361  nickel  steel 


Low  impurity 
austenitic 

stainless  steel 

B.S.*  970,(1955)  En  58J 

British  Steei  Corpn. 

0.21  proof  stress  10  L.T./in2 
(1.5  x 103  kg/cm2) 

Good  corrosion  resistance 
Available  in  required  form 

Pore  fluid 
system,  sintered 
drainage  plates, 
hydraulic  valves 
and  fittings,  t 
hydraulic  cham- 

» 

ber  of  ram 

pumps 

PTFE 

I.C.I.* -polytetrafluortethylene  Specimen  cup 
Thermal  conductivity  6.2  x 10  * wall,  wall  liner. 

catrftm  sec°C 

wiper  blades  and 

Low  sliding  friction 

Stable  to  greater  than  200°C 

co-axial  seals 

— 

PTFE- impregnated 
glass  cloth 

Fothergill  6 Harvey 
•Tygadure' 

Good  stability  in  oil  at  200°C 
Low  thermal  conductivity 

Heat  baffles  in 
pressure  vessel 

TABLE  2.1  (continued  on  next  page) 

Epoxy-resin 


Viton  rubber 


Hydraulic  fluid 


Hydraulic  fluid 


llu-pont  Adiprene  HOC 
Pure  2 -component  Urethane 
rubber 

Max.  working  temp  121°C 
Hardness  90  IRHD* 


Main  seal*  in 
pressure  vessel 


l)u-pont  Viton  B.  Dowty  Seals  Ltd. 
Fluorinated  hydrocarbon  poly- 
mer 

Working  temp,  range  to  +200°C 
Hardness  75  IRHD* 


0-ring  seals, 
U-seals,  and 
co-axial  seals 


I .C.  I .*  'Silcodync  'll' 

Branched  chain  pure 
methylchlorophenol  silicone 
Molecular  weight  range  800-6,000 
Coeff.  expansion  9.0  x 10  ^ml/ml°C 
Mean  bulk  modulus  5000  psi  at  100°C 
Specific  gravity  1.07+1.10  at  20°C 


Main  hydraulic 
system 


I.C.I.*  Silicone  F 111/20 
Linear  dimethul  polys i loxanes 
Molecular  weight  range  approx. 
800-5,000 

Coeff.  expansion  10.7  x 10  * ml/ml°C 
Specific  gravity  0.956  at  20°C 


Fore  fluid 
storage  system 


I.C.I.  Imperial  Chemical  Industries 

1KIID  Indentation  Rubber  Hardness  Durometer 

B.S.  British  Standard 


{ 


TABLE  2.1 
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Specification  of  cell  capabilities:  August  1976 


4.0  inches 

4.0  inches 

1.0  inches 


diameter 

maximum  initial  thickness 
minimum  final  thickness 
pore  fluid  drainage  route 

volume 


Specimen 


0.1S5  cubic 
inches 


0- 10,000  psi 

1- 120  psi/hr 
* 0.021 
+00.021  max. 

♦ 0.21 

♦ 0.11 /month 

0-0.5  inches/ 
day 

♦ 0.021  c 

♦lx  10"3  ins 


Axial  Pxessuxe,  P,  range 

* rate  of  change 

control  accuracy 
control  long-term  drift 
display  accuracy 
display  long-term  drift 

Axial  Consolidation,  AH  range  of  rates 


monitor  accuracy 
monitor  resolution 


0-5,000  psi 

♦ 0.21 

♦ 0.11 /month 


Poxe  Fluid  Pxessuxe,  u 


range 

display  accuracy 
display  long-term  drift 

weight  of  outer  tubes 
total  weight,  assembled 


Consolidation  Cell 


Tempexatut te  (£) 


range 

rate  of  change 
control 

long  term  drift 
display  accuracy 
display  long  term  drift 

pencil  piston  diameter 
pencil  piston  travel 
pencil  piston  deadband 
steel  ball  diameter 
steel  ball  weight 
ball  stack  capacity 


0.125  inches 
0.75  inches 
0.03  inches 
0.75  inches 
0.0622  lbf 
500  balls 


Pxessuxe  souk ce 


PxessuKt  compensation  xam  pump 


range 

maximum  delivery  rate 
swept  volume 


3.  OTHER  EQUIPMENT 

In  addition  to  the  high  pressure  equipment  described 
in  Chapter  2 four  items  of  ancillary  equipment  have  been 
manufactured  and  modified  to  assist  the  collection  and 
testing  of  material  for  the  project. 

3.1  Piston  sampler 

Fig.  3.1  illustrates  the  sampler  that  was  made  for 
collecting  undisturbed  specimens  of  recently  deposited 
sediment.  A lightweight  frame  locates  on  a supporting 
metal  base  that  is  big  enough  to  spread  the  weight  of  the 
operator  over  the  sampling  area.  Through  this  base 
passes  a thin  walled  sample  tube  of  4"  internal  diameter; 
walls  i"  thick.  Into  the  tube  fits  a piston.  The  cutting 
edge  of  the  tube,  and  the  lower  face  of  the  piston  are 
both  placed  on  the  upper  surface  of  the  ground.  The  tube 
is  then  gently  pushed  by  hand  into  the  ground.  Piston 
and  tube  are  then  retracted  and  the  piston  used  to  extrude 
the  sample,  if  the  sample  is  not  to  stay  within  the  tube. 

3.2  Low  pressure  pedometer 

Standard  low  pressure  oedometers , as  described  in 
BS  1377  (1957)  have  been  modified  to  investigate  the 
influence  of  temperature  on  the  consolidation  of  clay  and 
to  simulate,  in  several  respects,  the  conditions  that  could 
be  expected  in  the  high  pressure  apparatus.  Fig.  3.2 
diagrammatically  illustrates  the  apparatus  as  used.  The 
mechanical  problem  to  be  studied  was  the  performance  of  the 
seals.  A co-axial  PTFE  seal,  similar  to  that  later  used 
in  the  high  pressure  equipment  was  proved  to  be  adequate. 
Further  it  prevented  drainage  occurring  around  the  loading 
cap,  thereby  forcing  all  drainage  to  occur  via  the  drainage 
plate  at  the  base  of  the  sample,  as  occurs  in  the  high 
pressure  equipment.  Heating  was  initially  supplied  by  an 
element  located  in  the  loading  platten.  Later  a second 
heater  was  located  in  the  water  bath  surrounding  the  sample. 
Temperature  gradients  within  a sample  had  been  calculated 
and  two  thermocouples  were  used  to  check  the  results,  one 
situated  at  the  centre  of  the  sample  the  other  at  its  base. 
Suitable  controls  enabled  the  temperature  of  the  sample  to 
be  either  held  constant  or  to  change  at  a constant  rate. 
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Piston  Sanpfcr 


Temperature  Indicator 


II  • Heater 


Modifications  to  l,ow  Pressure  Oedometer 


Temperature 
Indicator  I 
Controller 


-axial  seal 


Water  Bath 


4"  dia.  Sample 


Base  Plate 
Drainage  Plate 


Constant  rate  of  strain  cell 

In  an  attempt  to  assess  the  preconsol idat ion  load  of 
certain  undisturbed  samples,  so  that  values  could  be 
compared  with  those  obtained  from  samples  compacted  in 
the  high  pressure  equipment,  a cell,  similar  to  an 
oedometer,  was  used:  Fig.  3.3.  This  was  mounted  in  a 
standard  loading  frame  and  subjected  to  loading  at  a 
constant  rate  of  strain.  Compaction,  pore  fluid 
pressure,  axial  pressure  and  time  were  recorded  autom- 
o atically.  Loading  was  set  at  a rate  that  would  not 

generate  pore  pressures  greater  than  21  of  the  axial 
pressure. 

3.4  Rowe  cell 

A Rowe  ceftsolidation  cell  (Fig.  3.1),  constructed 
by  Armfield  Educational  Aids  of  Ringwood,  Hampshire, 
according  to  the  design  described  by  Rowe  and  Barden 
(1964),  was  used  to  test  prototype  systems  for  heating 
and  pome  fluid  substitution,  before  they  were  included 
int>  the  high  pressure  equipment. 

The  cell  itself  is  made  of  aluminium  bronze  and  is 
resistant  to  corrosion:  ideally  for  this  work  it  should 
be  made  from  stainless  steel.  The  base  of  the  cell  is 
mild  steel  and  the  cover  aluminium:  these  toe  should 
ideally  be  of  stainless  steel.  A uniform  axial  load  is 
applied  to  the  sample  by  either  a pneumatic  or  an 
hydraulic  pressure  acting  on  a convoluted  rubber  membrane. 

A rigid  top  plate  can  be  inserted  between  the  membrane  and 
the  sample  if  conditions  of  uniform  strain  are  required. 
Consolidation  of  the  sample  is  measured  by  the  movement  of 
a rigid  piston  located  at  the  centre  of  the  top  plate  and 
anchored  to  the  membrane. 

This  basic  design  has  been  modified  so  that  pore  fluid 
within  the  sample  can  be  substituted  during  a test.  Under 
normal  conditions  drainage  occurs  from  the  base  of  the  sample 
and  pore  pressure  is  measured  at  the  top  of  the  sample. 

When  substitution  is  operating  fluid  is  injected  into  the 
top  of  the  sample  and  collected  at  the  base  of  the  sample. 

To  drive  the  fluid  through  the  sample  a simple  set  of 
exchange  vessels  are  required  (Fig.  3.5).  To  prevent  the 
pore  fluids  being  contaminated  by  the  fluid  used  for  axial 
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Load  Cell 
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Top  Cap  1 
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Drainage 

Plate 


Mater  Bath 


Locking  Nut 
(6  off) 


Saaple 


Valve 


Base  Plate 


Saiaple  dimension:  3"  dia  x S/4"  thick 

Constant  Rate  of  Strain  Cell 
Fig.  3.3 


Axial  Pressure 


Displacement  Readout 


Substitution  System  for  Rowe  Cell  diagram 


Modified  Shear  Box 
Fig.  3.6 


loading  it  was  decided  to  use  pneumatic  loading  of 
the  membrane.  This  has  the  added  advantage  of  being 
clean,  cheap,  quick  and  easy  to  control.  All  pore 
fluid  is  collected  directly  into  medical  syringes  where 
it  is  stored  until  analysed. 

To  heat  the  cell  flexible  elements,  insulated  with 
woven  glass  fibre  cloth,  where  wrapped  around  its  body. 

The  maximum  temperature  that  can  be  attained  with  these 
heaters  is  60°C.  A measurement  of  sample  temperature 
is  obtained  from  a thermistor  set  in  the  wall  of  the  cell. 

3.5  Shear  box 

As  part  of  the  research  involved  subjecting  the 
specimens  Of  clay  consolidated  in  the  high  pressure 
equipment  to  conventional  strength  tests  it  was  necessary 
to  adopt  standard  equipment  so  that  smaller  than  usual 
samples  could  be  accommodated.  This  arose  from  the  fact 
that  the  samples  coming  from  the  high  pressure  equipment 
are  4 ins.  diameter  and  2 ins.  thick:  and  it  is  from  this 
one  sample  that  specimens  have  to  be  cut  for  the  various 
tests  and  analyses  that  are  undertaken. 

Samples  for  shear  were  0.5  ins.  x 0.5  ins  x 0.375  ins. 
They  were  housed  in  a special  insert  that  fits  within  a 
conventional  shear  box:  Fig.  3.6. 


The  analyses  conducted  during  this  research  have  been 
involved  mainly  with  the  study  of  the  solid  and  liquid 
products  of  compacting  clayey  sediments.  Particular 
attention  has  been  given  to  the  mechanical  and  textural 
properties  of  the  compacted  sediment,  and  the  chemical 
character  of  the  fluids  expelled  from  the  sediment. 


4.1  Facilities  available  in  1973 


The  following  analytical  facilities  were  available  at 
the  commencement  of  the  research  contract: 

(i)  for  compaction:  High  pressure,  high  temperature 

oedometer . 

Standard  oedometers  and  triAxial 
cells. 

(ii)  for  strength:  Standard  soil  shear-boxes,  and 

triaxial  cells  . 

■.<  .«  ...  V.-  •'  -•  • -■  A-/...!..--*-.  ■ ' ' '*  I r " . 

Laboratory  cone,  and  vane  apparatus 

(iii)  for  fabric:  Scanning  electron  microscope  . 

X%ray  diffractometer  *■ . 

(iv)  for  chemistry:  Atomic  adsorption  spectrometer . 

Titration . 

(v)  for  raw  data:  Imperial  College  Computer  Centre. 


The  research  contract  enabled  certain  facilities  to  be 
enhanced,  particularly  those  associated  with  the  analyses 
of  compaction  and  strength.  In  addition  to  this  the  College 
facilities,  particidsrly  these  for  chemistry,  also  improved. 
Furthermore,  contacts  outside  the  College  have  been  strength 
ened  so  that  the  analyses  of  fabric  could  be  improved. 


4.2  Facilities  available  in  1976 


With  reference  to  the  previous  section,  these  are  as 


follows 


as  in  4,1,  but  also  heated  low 
pressure  oedometers  , 

Rowe  Cell,  with  substitution  facilities 
as  in  4.1,  but  also  special  small 
shear  boxes  . 


(ii)  for  strength 


electron  Microscope  at  North  East 
London  Polytechnic  . 

Use  of  texture  goniometer  at  Leeds 
University  . 

Fraunhoffer  diffractometer, 
as  in  4.1,  but  also  nepholometer 
equipment  . 

as  in  4.1,  but  also  digital  printer 
for  high  pressure  oedbaeter  . 

Digital  printer  for  ancillary 
equipment  . 

4.3  Saaoles  produced 

The  coapaction  tests  have  been  carried  out  on  clay, 
sand  and  chalk  that  has  been  disaggretated  and  remoulded 
in  water  of  a chosen  composition.  The  nature  of  the  speci- 
mens after  coapaction  depends  on  the  initial  composition 
and  stress  history,  but  generally  the  material  commenced 
loading  in  the  state  of  a weak  slurry  which  is  gradually 
changed  into  a compact  mudstone  by  compression.  The 
resulting  speciaens  are  sufficiently  consolidated  to  be 
picked  up  by  hand  without  deformation  and  frequently 
require  cutting  with  a steel  band-saw  to  extract  samples 
for  subsequent  examination. 

The  composition  of  the  various  speciaens  that  have 
been  tested  are  listed  in  Section  6.  The  nature  of  the 
Constituents  used  in  these  tests  are  outlined  beloW: 

i 

(i)  Ball  Clay  type  661  obtained  from  English 
China  Clays  Ltd. 

(ii)  Undisturbed  Rail  Clay  collected  from  Devon. 

(iii)  Montmorillonite  as  Fuller's  Earth  type  SYP 
No.  1 obtained  from  Laporte  Industries  Ltd. 

(iv)  Chalk  collected  from  the  Upper  Chalk  at 
Radlett,  Herts. 

(v)  Sand  obtained  from  Hopkin  I Williams  in  the 
fora  of  acid  washed  sand  type  749600. 

The  clay,  sand  or  chalk  was  remoulded  in  water  that 
was  prepared  in  the  laboratory  in  order  to  reproduce  various 
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(iv)  for  chemistry: 
(v)  for  raw  data: 


a 


AUth 


Conditions  of  salinity.  The  composition  of ’this  water 
was  controlled  by  preparing  it  from  known  quantities  of 
chemicals  added  to  distilled  water.  The  water  was  first 
de-donized  and  before  being  used  it  was  de^aired  under 
a vacumm  of  0.5  Torr.  The  types  of  water  can  be  summar- 
ized as  follows: 

(i)  Distilled  water. 

(ii)  Saline  water  used  in  the  BCCHP  series  of  tests. 

This  was  used  in  three  concentrations  corresponding 
to  xj.  xl  and  x2  that  of  natural  seawater.  The 
unit  saline  water  corresponded  to  an  ionic  chemistry 
of  Na+  10.5,  K+  0.4,  Ca2  + 0.3,  Mg2  + 1.2,  SO*2'  2.5 
and  Cl"  19.0  g/1 

(iii)  Saline  water  used  in  the  FE  series  of  tests  corres- 
ponded to  a composition  of  Na+  10.5,  K+  0.4,  Ca2+  0.4 
Mg2+  1.3,  SO*2"  2.7  and  Cl"  19.1  g/1. 


Each  test  produced  one  compacted  sample  of  clay.  Tests 
conducted  in  the  high  pressure  oedometer  and  Rowe  Cell 
(Chapter  3)  enable  the  interstitial  water,  that  is  expelled 
from  the  sample  during  compaction,  to  be  collected. 


4.4  Collection  and  storage  of  samples 


The  compacted  soil  specimens  were  carefully  extracted 
from  the  consolidation  apparatus  at  the  end  of  each  test  by 
splitting  the  upper  tube  from  the  lower  tube  and  allowing 
the  lower  tube  to  slide  down  the  lower  plug,  so  exposing  the 
specimen  cup  from  which  the  specimen  can  be  removed.  The 
weight  and  physical  dimensions  of  each  specimen  was  measured 
and  samples  taken  for  moisture  content  before  sealing  the 
specimen  up  in  aluminium  foil  and  coatingwith  wax.  This 
prevented  loss  or  absorbtien  of  water  by  the  specimen  and 


preserved  it  for  future  examination 


The  pore  fluids  expelled  during  consolidation  were 
collected  in  syringes  inserted  into  the  drainage  plate 
of  the  apparatus  and  stored  in  the  syringe  bottles.  The 
bottles  containing  the  fluid  were  refrigerated  at  5°C  until 
required  for  chemical  analysis.  This  inhibited  any  chemical 
reactions  taking  place  within  the  fluid  or  exchange  of  ions 
between  the  fluid  and  the  walls  of  the  bottle. 


The  best  method  to  simulate  the  general  effects  of 
diagenesis  of  argillaceous  sediments  in  the  laboratory  is  to 
compact  specimens  under  controlled  conditions  of  pressure 
and  temperature  where  the  initial  state  of  the  specimen  is 
known.  Variations  of  physical  and  chemical  properties  are 
then  monitored  as  compaction  takes  place. 


The  main  item  of  equipment  that  has  been  used  is  the 
specially  designed  high  pressure  and  temperature  consolidation 
apparatus  described  in  Chapter  2.  This  is  capable  of  compact- 
ing samples  of  100  mm  initial  length  in  a cylinder  100  mm  in 
diameter  over  a range  of  pressure  from  0 to  70  MN/m2  and 
temperatures  up  to  80°C.  Facilities  exist  for  continuously 
monitoring  axial  pressure,  pore  fluid  pressure,  degree  of 
compaction,  temperature  and  for  the  substitution  of  pore 
fluid  through  the  specimen  and  sampling  of  expelled  pore 
fluids. 

Because  of  the  long  time  taken  by  each  test  (of  the 
order  of  two  months  per  test)  it  was  decided  to  carry  out 
similar  tests  in  a comparatively  low  pressure  consolidation 
apparatus  to  provide  information  on  the  processes  taking 
place  during  the  early  stages  of  diagenesis.  The  apparatus 
used  was  a Rowe  Cell  that  had  been  specially  modified  for 
this  research  project  by  providing  pore  fluid  substitution, 
pore  fluid  sampling  and  facilities  for  heating  the  specimen 
up  to  60°C  (Chapter  3).  The  axial  pressure  could  be  applied 
from  0 to  850  kN/m2  and  the  same  features  could  be  monitored 
as  oh  the  high  pressure  equipment.  However,  larger  specimens 
could  be  handled  in  the  Rowe  Cell  of  up  to  75  mm  initial 
thickness  and  2 SO  mm  in  diameter. 


! 


In  order  to  carry  out  comparatively  rapid  testing  pro- 
grammes to  assess  the  behaviour  of  a testing  medium  to 
changes  in  single  parameters  such  as  temperature,  moisture 
content  and  mixtures  of  different  proportions  with  an  inert 
filler  to  increase  permeability,  two  oedometers  were  designed 
and  constructed.  Both  these  oedometers  were  capable  of  test- 
ing specimens  up  to  an  initial  thickness  of  25  mm  and  100  mm 
diameter,  and  one  was  designed  with  end  and  wall  heaters  to 
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- out  at ’Hlviiei  temperatures  up  to  70 WC.  the 
walls  and  pistons  of  each ?oede»*ter. were  Lined  »ith  PTFE  in 
order  to  reduce  friction  to  a minimum  and  to  miniaise  the 
effects  of .apparatus  expansion  during  high  temperature 
tests.  Standard  oedometers  were  also  u4ed  in  the  tasting 
programme  to  compare  the  results  of  the  .other  nan-standard 
tests  with  those  which  could  be  obtained  using  the  normal 
routine  testing  in  soil  mechanics  practice.  The  standard 
oedometers  consolidate  samples  of  75  mm  diameter  and  an 
initial  thickness  up  to  18  mm  and  allow  drainage  at  both  ends 
a of  the  lample;  the  previous  tests  mentioned  were  set  up  to 

allow  drainage  at  one  end  only  . 


I 


The  measured  parameters  for  each  test  were  processed 
manually  or  using  the  computer  as  appropriate. 

Samples  of  pore  fluid  were  collected  from  the  high  press- 
ure and  Rowe  Cell  tests  and  their  chemistry  was  subsequently 
analysed. 

The  compacted  specimens  ware  carefully  extracted  after  the 
completion  of  each  test  and  a series  of  tests  and  observations 
systematically  carried  out.  These  included  measurements  of 
shear  strength  using  a falling  cone  penetrometer  and  shear 
box,  fabric  using  optical  microscopy  and  X-ray  techniques, 
mineralogy  using  X-ray  diffraction,  consolidation  character- 
istics usiftg  oedometers,  moisture  content  distribution 
through  the  specimen  and  cation  exchange  capacity. 

Additional  tests  were  carried  out  on  the  material  before 
testing  and  these  included  index  tests,  moisture  content, 
specific  gravity,  particle  size  distribution,  mineralogy  and 
cation  exchange  capacity. 

The  procedures  involved  in  these  testing  techniques  are 
outlined  below: 


4.5.1  High  pxtuuxt  tqulpmtxt 

The  high  pressure  comseli^stion  cell  forms  the  main 
item  of  testing  equipment  in  the  current  research  programme. 
The  apparatus  has  facilities  for  the  control  of  (a)  over- 
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burden  pressure,  (bj  pore  fluid  pressure  end. (c)  temper- 
ature. The  specimen  is  contained  in  a rigid  steel  cup 
assembly  which  fits  onto  an  anvil  (Chapter  3).  Capillary 
tubes  allow  drainage  through  the  anvil  for  pore  fluid 
collection  and  at  the  opposite  end  for  the  measurement  of 
pore  fluid  pressure  and  the  substitution  of  new  fluids. 

A typical  assembly  procedure  for  the  high  pressure 
tests  using  montAorillonite  in  the  FB  series  of  tests  is  I 

as  follows: 

e 

(i)  Soak  clay  in  the  fluid  of  know  composition  for  a 

period  of  about  one  week  to  allow  equilibrium  to  be 
obtained  and  then  de-air  under  a vacuum  of  0.5  Torr. 

(ii)  Assemble  specimen  cup  and  insert  sintered  stainless 
steel  drainage  plates  which  have  been  saturated 
with  the  pore  fluid  being  used  in  the  specimen,  the 
plates  are  lined  with  Whatman  No.  42  filter  paper 
to  prevent  clogging  from  clay  particles. 

(iii)  A sedimentation  column  0.5  m high  is  placed  over  the 
specimen  cup  and  filled  with  de-aired  fluid  of  the 
same  composition  as  that  used  for  soaking  the  clay. 

(iv)  The  clay  slurry  is  sedimented  through  the  sediment- 
ation column  for  24  hours  and  the  sediment  then  trimmed 
to  allow  the  attachment  of  the  top  drainage  plate. 

(v)  Attach  heating  connection  and  check  electrical  circuits. 

(vi)  Raise  lower  tube  of  cell  until  lower  plug  and  speci- 
men cup  are  in  correct  position  and  then  raise  lower  1 

tube  close  to  upper  tube. 

(vii)  Connect  pore  fluid  capillary  tube  coupling  to  top  of 
specimen  cup. 

(viii)  Finish  raising  lower  tube,  guiding  displacement 
transducer  armature  into  place  very  carefully. 

(ix)  Rotate  the  locking  ring  to  secure  the  two  halves  of 
the  cell. 

(x)  The  cell  can  then  be  filled  with  hydraulic  oil  and 
priming  commenced. 
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The  kaolinitic  Ball  Clays  used  in  the  BC  series  of 
tests  were  prepared  in  a different  way  dux in j the  initial 
stages.  The  remoulded  Ball  Clays  were  prepared  by  nixing 
the  air  dried  material  thoroughly  with  the  appropriate 
fluid  in  an  electric  mixer  to  a moisture  content  well 
above  the  liquid  limit  (approx  1001).  The  clay  was  then 
kept  in  a humid  environment  foT  over  4S  hours  to  ensure 
complete  hydration  of  the  clay  particles.  The  slurry 
was  then  poured  into  the  specimen  chamber  which  had  been 
previously  prepared  by  flushing  the  porous  plates  and 
lubricating  the  teflon  linings,  with  a smear  of  silicone 
Whatman  No.  1 filter  paper  was  used  between  the 


grease 

specimen  and  the  porous  plates  to  avoid  the  pores  of  the 
latter  becoming  clogged.  The  first  few  tests  showed  that 
a specimen  having  a 1001  moisture  content  was  too  soft 
for  handling  and  in  the  subsequent  tests  the  remoulded 
clay  was  preconsolidated  within  the  chamber  to  about  721 
moisture  content.  As  it  was  intended  to  observe  the 
fabric  of  the  final  specimen,  care  was  taken  to  ensure 
similar  stress  and  displacement  conditions  so  the  same 
end  of  the  specimen  was  allowed  to  drain  and  a strain 
rate  equal  to  the  anticipated  early  rate  of  strain  in  a 
test  was  used.  The  precensolidated  specimen  was  then 
ready  for  assembly  in  the  cell  as  in  the  FE  series. 


The  undisturbed  samples  were  cut  from  an  undistur- 
bed block  by  pushing  a 100  mm  dia.  cutting  Ting  into  the 
block,  trimming  as  necessary.  The  specimen  ends  were 
trimmed  to  live  a thickness  of  about  100  mm  and  filter 
papers  were  placed  on  both  ends.  The  lower  plug  of  the 
cell  is  retted  on  a supporting  stand  and  the  specimen 
chamber  containing  the  specimen,  filter  plates  and 
scraper  blades, in  position, is  then  inverted  carefully 
onto  the  lower  plug.  The  testing  procedure  is  then  the 


The  equipment  has  been  developed  to  the  point  where 
rates  of  change  of  axial  preasure  (simulated  overburden 
pressure)  and  temperature  can  be  set  and  left  to  run. 

The  axial  pressure,  pore  fluid  pressure,  temperature  and 
axial  consolidation  are  all  measured  and  recorded  auto* 
matically. 


Rowe  C ill 

The  consolidation  cell  developed  by  Rowe  end  Barden 
(1964)  end  celled  the  Rowe  Cell  has  been  specially 
adapted  foT  use  in  comparing  the  compaction  character- 
istics of  clays  in  the  lower  range  of  stress  used  in 
tile  high  pressure  equipment.  In  the  basic  consolid- 
ation cell  the  total  stress  is  applied  by  aeans  of 
hydraulic  pressure  acting  across  a convoluted  rubber 
Jack.  This  arrangement  improves  the  control  of  the 
drainage  conditions  allowing  the  separation  of  the 
instant  of  loading  from  the  commencement  of  drainage 
and  permitting  the  measurement  of  initial  pore 
pressures.  The  cell  has  been  adapted  to  allow  compac- 
tion to  take  place  at  temperatures  in  the  range  10- 
60°C  and  has  facilities  foT  the  substitution  of  pore 
fluids  and  the  collection  of  expelled  pore  fluids 
during  the  progress  of  the  test. 


The  system  is  allowed  to  prime  under  a low  axial 


pressure  without  drainage  for  a period  of  24  hours 
before  commencing  the  loading  cycle  of  the  test.  Tl 
allows  the  plates  to  settle  down  and  the  sample  to 
became  thoroughly  heated  to  the  desired  temperature 
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fluid  pressure  ere  automatically  recorded  by  trans- 
ducers linked  to  a data  logger.  However,  the  temper- 
ature  and  voluae  of  pore  fluid  substituted  or  expelled 
has  to  be  recorded  manually. 


The  substitution  of  pore  fluids  is  achieved 
using  a perspex  pot  linked  to  the  undrained  end  of  the 
sample.  The  desired  substitution  fluid  is  contained 
in  this  pot  and  pumped  into  the  sample  at  the  required 
pressure  using  hydraulic  oil  via  a mercury  interface. 
The  pot  can  be  emptied  and  refilled  with  fluid  during 
the  progress  of  a testing  should  the  volume  prove  to  be 
insufficient  (see  Fig.  3.5  ). 


without  heating 


4.5.3  Low  paeuuae  oedometeae 

Two  types  of  oedoaeter  have  been  used  for  carrying 
out  consolidation  tests.  One  is  the  standard  7#  mm  dia. 
oedoaeter  with  drainage  at  both  ends  as  described  in  BS 
1377  (1967)  and  the  other  is  a 100  mm  dia.  oedoaeter 
constructed  from  PTFE  which  allows  drainage  at  one  end 
only  (Chapter  3).  The  method  of  sample  preparation  and 
testing  is  the  same  for  both  oedometers,  which  baaiaally 
involves  consolidation  of  a sample  confined  in  a ring 
between  two  pistons  by  the  application  of  a dead  load 
via  a system  of  hangers.  The  axial  compaction  is  measured 
relative  tcf  the  base  of  the  cell.  The  change  in  compac- 
tion is  then  measured  as  a function  of  time  after  the 
application  of  a load  increment. 


The  specimens  were  prepared  from  clay,  chalk  or 
sand  in  an  air  dTy  condition  as  for  the  Rowe  Cell  tests 
described  earlier.  With  the  fixed  ring  in  place  over 
one  of  the  porous  stones,  the  slurry  was  placed  care- 
fully into  the  ring  to  avoid  trapping  any  air.  The 
upper  surface  of  the  sample  was  then  smoothed  and  the 
loading  cap  gently  placed.  The  assembly  was  then  * 
lowered  into  the  water  bath  and  the  entire  cell  arranged 
in  position  in  the  loading  device.  Loading  was  then 
commenced  by  applying  increments  every  24  hours. 


4.5.4.  Lott  pKtstunt  otdomittKt:  vtith  heating 

In  order  to  study  the  effects  of  temperature  on 
the  consolidation  of  clays,  a pair  of  oedo«eters  were 
designed  and  constructed  which  were  capable  of  being 
heated  and  had  very  low  frictional  resistance  to  the 
moving  components . The  specimen  chamber  is  100  mm  in 
diameter  and  is  constructed  with  PTFE  seals  to 
apply  the  consolidation  load.  Drainage  is  only 
allowed  via  a sintered  steel  drainage  plate  at  the 
base  of  the  chamber.  Heat  is  applied  from  ceramic 
coiled  elements  around  the  specimen  chamber  and  a 
hot  plate  incorporated  in  the  piston.  Two  thermo- 
couples sense  the  temperature  at  the  drainage  plate 
and  in  the  specimen.  These  control  the  heaters  to 
maintain  the  temperature  at  a constant  value  or  to 
increase  at  a chosen  rate  mechanically  via  a cam  on 
the  heater  control  unit.  The  temperatures  can  be 
checked  during  a test  by  a electronic  thermometer. 

The  specimen  cup  fits  in  a standard  laboratory 
oedometer  loading  frame  and  tests  were  carried  out 
using  the  same  procedure  described  for  low  pressure 
omdometers  without  heating. 

Two  series  of  experiments  were  undertaken  in  this 
apparatus.  The  first  was  to  examine  the  effects  of 
temperature  on  the  consolidation  of  identical  specimens 
of  montmoTillonite  and  the  second  was  to  examine  the 
variation  in  consolidation  of  montmoril Ionite  with 
different  initial  void  ratios.  All  tests  were  con- 
ducted on  montmorillonite  slurries  remoulded  in 
distilled  wator. 

4.5,5  Constant  Kate  o £ Attain  consolidation  cell  at  x:  i>j. 

This  technique  of  consolidation  testing  wa*  first 
adopted  by  Smith  and  Wahls  (1969)  and  a more  versatile 
general  purpose  consolidometer  was  subsequently  devel- 
oped by  Wissa  et  al  (1971)  at  M.t.T.  The  cell  is  built 
from  brnss  and  contains  a sample  76  mm  in  diameter  and 
It  «s  thick.  The  axial  load'is  measured  using  a load 


cell  end  the  pore  pressure  measured  using  e pressure 
transducer  connected  to  a pipe  leading  from  the  base 
of  the  sample.  The  axial  deformation  caft  also  be 
electrically  recorded  using  a displacement  transducer 


The  teet  procedure  mas  te  connect  the  pore  water 
pressure  transducer  to  erne  of  the  outlets  from  the  base 
of  the  cell  using  a Klinger  valve.  De-aired  water  was 
flushed  through  the  system  and  after  closing  the  other 
flushing  tap,,  a saturated  porous  stone  38  mm  diameter 
and  6 mm  thick  was  placed  in  the  recess  provided  in 
the  base  i see  Pig.  3.3. 


The  undisturbed  specimens  were  prepared  using  a 
similar  method  to  that  adopted  for  the  high  pressure 
compaction  tests  (section  4.S.1).  The  specimen  was 
first  trimmed  with  a 78  mm  diameter  cutting  ring  and 
then  pushed  into  the  testing  ring.  Two  saturated 
filter  papers  were  placed  on  the  top  and  bottom  of  the 
sample,  which  was  then  positioned  accurately  on  the 
base  and  clamped  with  the  flange  and  studs.  The  top 
loading  cap  containing  the  larger  saturated  porous 
stone  was  lowered  onto  the  sample  and  the  annular 
plate  with  the  dial  gauges  was  positioned  from  the  top. 

The  spacers  and  the  load  cell  were  then  positioned  and 
the  pedestal  of  the  loading  machine  was  raised  to  bring 
the  assembly  into  contact  with  the  head  of  the  machine. 

The  gear  box  was  adjusted  to  give  the  desired  rate  of 
strain  which  was  chosen  so  as  to  produce  only  a negligible 
pore  water  pressure  at  the  base. 


4.5.6  ScaxiUng  tltctKo*  mic.Kotc.opt 

A Cambridge  Stereoscan  600  was  used  for  studying 
fabric.  The  samples  were  usually  air  dried  and  sample 
preparation  techniques  described  by  Barden  (1971)  were 
used.  The  sequence  adopted  was  as  follows: 

(i)  A 5 mm  thick  section  perpendicular  to  and 
containing  the  particular  surface  of  interest 
was  sliced  off  the  test  specimen.  A tensile 
fracture  was  effected  at  the  point  of  interest 
and  the  sample  containing  the  fresh  fracture 


Scanning  electron  micrographs  of  the  fabric  produced  in  a sample 
compacted  to  2,5000  psi  (175  kg/cm2)  at  60  psi/hr  (4.2  kg/cm2/hr). 
Scale  bar  10y. 


4.1(a)  Sample  from  the  undrained  end. 

4.1(b)  Sample  from  the  drained  end  (see  over). 


A Fourier  analysis  of  the  micrographs  is  included,  which  used 
coherent  light  (Fraunhoffer  diffraction).  The  Major/Minor  axial 
ratio  of  the  diffraction  elipse  in  the  sample  from  the  drained 
end  is  larger  than  that  from  the  undrained  end,  confirming  a real, 
rather  than  apparent,  preferred  orientation. 

Plate  4.1(a) 
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surface  was  fixed  onto  an  aluminium  stub  using 
adhesive  (Durafix).  A coating  of  aluminium  paint 
was  applied  on  the  four  sides  of  the  sample  and 
on  the  stub  head  to  give  a perfect  electrical 
' conducting  surface. 

(ii)  The  fracture  surface  was  air  jetted  to  remove  all 
coarse  dislodged  particles  that  had  regained  as 
debris  fron  the  fracture. 

(iii)  The  fracture  surface  was  then  peeled  gently  several 
times  with  an  adhesive  tape  to  remove  all  fine  dis- 
lodged particles  that  still  remain  on  the  surface. 

Civ)  The  fracture  surface  was  then  coated,  under 
vacuum,  with  about  200  X thick  film  of  gold. 

One  object  of  the  electron  microscopy  study  was  to 
investigate  the  development  of  preferred  orientation  of 
particles.  The  crude  comparison  of  electron  micrographs 
for  the  degree  of  preferred  orientation  is  invariably 
prone  to  bias  from  the  observer.  An  image  analysing 
technique  was  therefore  used  to  assist  in  the  comparisons. 
The  technique  used  the  2-D  transform  of  the  electron 
micrograph  applying  coherent  optics  (Fraunhofer  diffrac- 
tion). This  produces  a qualitative  record  of  the  image 
details  in  terms  of  dimensions  and  also  enables  a 
quantitative  record  to  be  made  of  the  intensity  pattern 
of  the  image  (Nyberg  et  al,  1971).  A parallel  coherent 
beam  of  light  is  passed  through  a transparency  of  an 
SEM  micrograph.  Most  of  the  micrographs  in  this  study 
appeared  as  a set  of  linear  features  which  produced 
diffraction  patterns  in  the  form  of  a 2-D  distribution 
approximately  to  an  ellipse.  In  micrographs  showing 
very  high  order  preferred  orientation  the  diffraction 
pattern  is  elongated  in  a direction  perpendicalar  to  the 
direction  of  particle  orientation.  A circular  diffraction 
pattern  is  the  Fourier  transform  of  a random  oritnted 
structure  (for  example  see  Wi j eyesehera  A de  Freitas,  1976). 
See  Plates  4.1(a)  and  (b). 

4.S.7  X-aap  diUKactioH 

X-ray  diffraction  analysis  was  used  for  identification 
of  clay  minerals  and  for  quantitative  determinations  of 
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particle  orientation.  A Phillips  PW  1060  diffracto- 
meter equipped  with  a linear  recorder  was  used  for 
this  purpose.  Cobalt  (K^.)  radiation  was  used  with 
an  iron  filter  to  eliminate  any  0 radiation  and  a 
38  kv  and  24  mA  supply  was  chosen  with  a 1 kw  gen- 
erator to  obtain  high  intensity  and  a good  peak  to 
background  ratio.  The  Geiger  counter  scanned  at  a 
rate  of  l°/nin. 

A qualitative  interpretation  of  the  XRD  traces 
was  made  with  the  aid  of  standard  tables  Brown  (1961). 
The  technique  proposed  by  Schultz  (1964)  for  semi- 
quantitative  mineralogical  analysis  of  Pierre  Shale 
was  adopted. 


In  all  quantitative  studies  the  ratios  of  peak 
intensities  were  used  so  that  the  data  would  be  auto- 
matically corrected  for  variations  in  crystallite 
concentrations. 

4.5.8  Optital  micKotcopy 

The  optical  microscope  with  photometric  attachments 
as  developed  by  Tchalenko  (1967)  was  used  in  this  study 
for  both  qualitative  and  quantitative  microscopy  of 
thin  sections.  The  thin  sections  were  prepared  by 
impregnating  slices  of  the  clay  with  Carbowax  6000. 

The  Carbowax  is  completely  miscible  with  water  when 
liquid  at  60°C  and  shows  no  birefringent  effect  in 
thin  section  indicating  that  it  has  not  affected  the 
clay  aggregate.  The  sections  were  kept  immersed  in 
liquid  carbowax  for  two  weeks  to  ensure  complete  re- 
placement of  the  pore  water.  The  thin  sections  were 
prepared  in  the  usual  way  using  carborundum  powder 

J 

but  paraffin  had  to  be  used  as  a grinding  fluid 
. instead  of  water. 

The  quantitative  studies  were  made  on  sections 
cut  in  the  plane  of  the  maximum  compressive  stress. 
Observations  were  made  of  the  intensity  of  light 
transmitted  through  crossed  polars  for  different 
stage  angles.  All  intensity  readings  were  made  on  areas 
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of  0.33  mi  diaaeter  and  at  similar  incident  illuain- 
ations.  The  aaximun  and  miniaua  values  of  transaitted 
light  were  recorded  and  the  birefringent  ratio  and 
anisotropy  index  computed;  Saart  (1967). 

The  range  of  birefringence  ratios  obtained  for  any 
one  speciaen  is  an  indication  of  the  homogeneity  of 
the  fabric. 

4.5.9  Index  te&t* 

A ttexbcKg  limit* 

The  plastic  and  liquid  limits  were  determined  using 
the  normal  procedures  described  in  BS  1377  (1967). 

UoiAtaKt  conte.nl 

Moisture  content  determinations  were  made  by 
weighing  the  loss  in  water  of  the  samples  after  drying 
in. an  oven  at  10S°C  for  24  hours. 

Specific  gravity 

The  specific  gravity  of  the  materials  used  for 
testing  was  measured  using  density  bottles  by  the 
method  described  in  BS  1377  (1967). 

Paaticlt  &ize.  diitiibution 

The  particle  size  distributions  of  the  natural 
materials  used  for  testing  were  determined  in  the  stan- 
dard way  using  the  methods  described  in  BS  1377  (1967). 
Pre-treatment  was  required  for  some  samples  in  order 
to  disaggregate  the  clay  minerals. 

4.5.10  Staingth  te*t* 

falling  cone  ptnetKomctcK 

The  shear  strength  of  the  specimens  after  con- 
solidation were  determined  using  a laboratory  cone 
penetration  apparatus  similar  to  that  described  by 
Hasslo  (1957).  A cone  of  a certain  weight  and 
apex  angle  is  suspended  vertically  over  and  just 
touching  the  surface  of  the  clay  sample.  When  the 
cone  it  released  it  penetrates  into  the  sample.  The 
depths  of  penetration  gives  a measure  of  the  undrained 
shear  strength  of  the  clay. 
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e small  size  of  the  penetrometer  enabled  a large 
number  of  determinations  to  be  made  on  each  specimen 
from  which  a distribution  of  shear  strength  through  the 
specimen  could  be  examined. 

Standard  theeui  box 

A standard  shear  box  machine  was  used  to  obtain 
values  of  shear  strength  in  samples  SO  mm  square  and 
approximately  25  mm  thick.  A cutter  and  extruder 
were  used  to  trim  the  sample  and  the  box  was  then 

assembled  by  placing  the  grooved  lower  platen  into  the 

...  . * 

split  shear  box  followed,  by  one  of  the  porous  plates, 
the  sample,  the  other  porous  plate  and  finally  the  top 
platen.  The  shear  box  was  then  placed  into  the  carriage 
and  the  normal  load  applied  via  a weight  hanger.  After 
consolidation  had  taken  place,  the  sample  was  sheared 
at  a predetermined  rate  and  the  shear  strength  monit- 
ored  with  a proving  ring. 

Small  iheaK  box 

In  order  to  test  several  samples  cut  from  a speci- 
men taken  from  the  high  pressure  cell, a special  shear 
box  was  designed  and  constructed.  This  is  capable  of 
shearing  samples  20  mm  square  and  12  mm  thick.  The 
small  shear  box  is  compatible  with  the  rig  used  for 
the  standard  box  and  the  testing  procedure  adopted  is 
identical;  see  Fig.  3.6. 
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4.5.11  Chemical  te&t* 

Cation  exchange  capacity 

The  cation  exchange  capacity  was  determined  from 
the  adsorption  of  a basic  dye  by  the  silicate  clay 
minerals; Faust  (1940).  Methylene  blue  is  adsorbed 
irreversibly  from  a dye  solution  with  an  equivalent 
release  of  exchangeable  cations  and  has  been  used 
successfully;  Robertson  and  Plesch  (1948) ; Robertson 
and  Ward  (1951). 

A 0.005  N methylene  blue  solution  was  titrated 
against  aliquot#  of  a dilute  clay  suspension.  The 
course  of  the  titration  to  the  end  point  was  followed 
by  periodically  spotting  a drop  of  the  titrated  slurry 


on  filter  paper,  the  end  point  being  indicated  when 
excess  dye  appeared  as  a sky  blue  colouration  radial- 
ting  from  the  darker  dyed  solids  in  the  centre. 

4.6  Pore  fluid  testing 

The  pore  fluids  expelled  during  compaction  were 
analysed  as  a single  batch  for  each  high  pressure  test 
so  that  if  any  reagent  or  instrumental  errors  were 
present  they  would  apply  equally  to  all  the  samples. 

The  analyses  were  carried  out  using  de-ionised,  distilled 
water  (DI  water)  and  commercial  analytical  reagent 
quality  chemicals.  A special  set  of  glassware  was 
kept  solely  for  the  analysis  of  these  pore  fluids  in 
order  to  prevent  contamination  from  other  highly 
concentrated  solutions. 

The  methods  used  for  the  analysis  of  potassium, 
sodium,  calcium,  magnesium,  sulphate,  chloride  and 
dissolved  solids  concentrations  are  given  below. 

The  cations  were  analysed  using  a spectrophotometer 
and  the  anions  by  using  a nepholometer . Comparisons 
of  sample  behaviour  with  that  of  standard  solutions 
of  known  concentration  was  used  as  a basis  for 
these  analyses. 

4.6.1  Analysis  ofi  cation s using  a spectrophotometer 

The  instrument  used  for  the  analysis  of  the 
cations  was  a Pye  Unicam  SP  90  spectrophotometer.  The 
sample  was  accepted  by  the  spectrophotometer  in  the 
form  of  a solution  in  which  the  elements  to  be 
determined  have  a concentration  of  1 to  100  mg/1. 

This  was  achieved  by  preparing  a solution  of  the  pore 
fluid  by  taking  2 ml  of  the  original  fluid,  diluting 
with  5 ml  of  2 N hydrochloric  acid  and  bringing  the 
volume  up  to  the  required  dilution  with  DI  water. 

Tike  sample  was  introduced  into  a flame  in  the 
f0fW  samll  droplets.  Much  of  the  sample  becomes 
if ••related  at  the  flame  temperature  into  the  atomic 
mmd  a small  proportion  of  these  atoms  are  then 


atoms  causes  radiation  of  light,  characteristic  of  the 
element  concerned,  and  this  light  is  used  in  analysis 
by  flame  emission  spectroscopy.  The  majority  of  the 
atoms  in  the  flame  remain  in  the  ground  state  energy 
level  and  these  are  the  atoms  which  are  measured  in 
atomic  absorption  spectroscopy. 

A hollow  cathode  lamp,  whose  cathode  incorporates 
the  element  being  determined,  produces  light  with  a 
% line  spectrum  characteristic  of  that  element.  The 

light  is  passed  through  the  flame  and  undergoes 
some  absorption  by  the  ground  state  atoms  of  the  same 
element  in  the  flame.  By  comparing  the  intensity  of 
this  light  after  it  has  passed  through  the  flame 
before  and  after  the  introduction  of  the  sample,  the 
instrument  indicates  the  amount  of  light  absorbed  which 
is  a measure  of  the  concentration  of  that  element  in  the 
sample. 

• Potcuiium 

The  diluted  pore  fluid  samples  were  compared  with  a 
series  of  standard  solutions  containing  1.0,  2.0,  3.0,  4.0 
and  5.0  mg/l.of  potassium  ions.  The  apparent  potassium 
concentrations  were  then  reduced  by  a correction  factor 
to  allow  for  the  enhancement  of  potassium  by  sodium. 

Sodium 

The  diluted  samples  were  compared  with  a series  of 

• standard  solutions  containing  1.0,  2.0,  3.0,  4.0  and  S.O 
mg/1  of  sodium  ions. 

MagntAium 

The  diluted  pore  fluid  samples  were  compared  with  a 
series  of  standard  solutions  containing  0.3,  0.6,  l.S,  3.0 
and  4.5  mg/1  of  nagneiium  ions. 

Ca.ltiu.rn 

The  diluted  samples  were  compared  with  a series  of 
standard  solutions  containing  2,  5,  10,  15  and  20  mg/1  of 
calcium  ions. 
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4.6.2.  Analytic  otf  anloiu  u&ing  a nephtlome-U* 

The  conventional  quantitative  chemical  analysis 
technique  based  on  titrations  could  not  be  used  because 
of  the  very  low  concentrations  of  the  anions.  However, 
the  concentrations  were  sufficiently  low  for  the  reagents 
normally  used  in  titrations  to  form  a colloidal  suspen- 
sion rather  than  a precipitate.  The  optical  density  of 
this  colloidal  suspension  is  proportional  to  the  anion 
concentration  and  provided  a standard  preparation 
procedure  is  followed,  the  concentration  of  a sample 
can  be  obtained  by  comparison  with  a series  of  standard 
solutions.  A suitable  method  for  measuring  the  optical 
density  is  to  measure  the  scatter  of  a light  beam  in 
the  suspension  with  a nepholometer. 


The  pore  fluid  samples  were  prepared  by  transferring 
1.0  ml  of  the  sample  to  a test  tube  and  adding  4.0  ml  of 
glycerol  solution  (1  volume  glycerol  dissolved  in  2 
volumes  ethanol)  in  order  to  increase  the  viscosity  of 
the  solution.  2 ml  of  sodium  chloride  solution  (240  g 
NaCl  in  600  ml  water  with  20  ml  concentrated  HC1)  were 
also  added  in  the  case  of  the  sulphate  solutions.  The 
solution  was  then  mixed  and  diluted  to  20  ml  using  1)1 
water  and  remixed 


For  each  sulphate  determination  60  mg 
of  barium  sulphate  (crystal  size  between  -20  and  +30  mesh) 
was  prepared  and  for  the  chloride  determination  60  mg  of 
silver  nitrate  was  prepared.  The  60  mg  of  salt  was  then 
added  to  the  diluted  solution,  a stopper  inserted  in  the 
test  tube,  and  the  tube  shaken  for  1 minute  by  inversion 
once  every  second.  During  this  time  the  salt  crystals 
dissolve.  The  tube  is  then  allowed  to  stand  for  two 
minutes  foT  the  turbidity  to  develop.  A standard  volume 
of  the  solution  was  then  taken  and  poured  into  a care- 
fully cleaned  glass  tube  of  uniform  optical  density  which 
was  then  placed  in  the  nephelometer.  The  turbidity  was 
compared  with  the  calibration  series  and  hence  the  con- 
centration was  obtained. 


Sulphatt 

The  diluted  pore  fluid  samples  were  compared  with  a 
series  of  standard  solutions  containing  O,  10,  20,  30,  40 
50  and  100  mg/1  of  sulphate  ions. 


Chlottidv 


The  diluted  samples  were  compared  with  a series  of 
standard  solutions  containing  0,  0.42,  0.85,  1.27  and 
1.70  mg/1  of  chloride  ions. 


4.6.3  A naly*i*  o$  dibbolved  bolidb 

The  concentration  cf  dissolved  solid  in  the  original 
pore  fluid  was  obtained  by  drying  a 2 ml  portion  of  the 
fluid  at  10S°C  and  determining  the  loss  in  weight  due  to 
the  evaporation  of  the  water. 


4.6.4  hnalybi*  anion*  u*lng  titiation  method* 
C hi o Hide  iHohtutl  method 4 


The  chloride  solution  is  titrated  with  standard 
silver  nitrate  solution  in  the  presence  of  potassium 
chromate.  The  silver  nitrate  reacts  with  the  chloride 
and  insoluble  silver  chloride  is  precipitated.  When 
all  the  chloride  has  been  precipitated  the  excess  silver 
nitrate  reacts  with  the  chromate  to  form  reddish-brown 
silver  chromate.  0.2  ml  id  deducted  from  the  titre  to 
allow  for  the  solubility  of  silver  chromate. 


1 ml  of  potass iufc  chromate  indicator  is  added  to 
the  sample  and  titrated  with  353  silver  nitrate.  The 
solution  can  be  standardised  against  a sodium  chloride 
solution  of  known  concentration. 


* 

S.  FIELDWORK 

5.1  Purpose  <f  fieldwork 

Fieldwork  has  been  carried  out  in  order  to  obtain 
samples  for  laboratory  testing.  The  locations  visited 
have  been  selected  because  of  their  known  conditions  of 
exposure  and  the  suitability  of  the  material  for  testing. 

The  BC  series  of  tests  were  in  part  conducted  on  undist- 
urbed specimens  of  kaolinitic  clay  collected  in  south- 
west England.  Normally  consolidated  clays  were  obtained 
from  the  intertidal  flats  of  the  Falmouth  Estuary,  # 

Cornwall,  and  over-consolidated  clays  of  Oligocene  age 
were  sampled  from  the  open  clay  pits  of  South  Devon.  A 
brief  investigation  was  made  of  the  diagenesis  of  fine 
grained  calcareous  sediments  and  the  Cretaceous  chalk 
was  examined  in  three  localities  in  south-east  England. 

The  particular  sites  are  listed  in  Table  5.1. 

5.2  Product  of  field  work 

5.2.1  aidiminta  fiom  F atmouth  Lituany  9 

The  recent  sediments  from  the  Falmouth  Estuary  in 
Cornwall  were  known  to  he  of  relatively  simple  mineral- 
ogy. A study  was  made  of  the  estuary  and  a series  of 
38  mm  core  samples  collected  to  select  a convenient  and 
suitable  site  for  the  main  sampling.  A block  sample  of 
the  clay  was  then  collected  and  coated  with  foil  to 
preserve  its  natural  water  content.  A piston  sampler 
(Fig.  3.1)  was  also  developed  to  extract  field  samples 
for  direct  testing  in  the  high  pressure  equipment.  a 

The  100  mm  diameter  samples  were  collected  in  PTFE 
sleeves  to  avoid  contamination  and  facilitate  subse- 
quent assembly  in  the  high  pressure  equipment.  The 
body  of  the  sampler  is  pushed  into  the  sediment 
relative  to  the  piston  during  the  sampling  process. 

A thick  aluminium  base  on  which  the  pipton  is  supported 
aids  in  distributing  the  weight  of  the  operator  during 
sampling. 

5.2.2  8 alt  Clay*  6*om  Devon 

The  Bovey  hall  clays  are  an  overconsolidated  fluvio- 
lacustrine  deposit.  Some  of  their  geotechnical  and 
sedimentary  properties  have  been  described  by  Best  and  ( 


l 


250  x 250  x 200  mm  were  cut  from  $ freshly  exposed 
beech  at  Meeth  pit  in  the  PeSrockatow  basin.  The 
samples  were  trimmfd  to, fit  snugly  into  a metal  tin 
which  could  be  sealed  to  prevent  loss  of  moisture. 


I 


5.2.3  Chalk  In  4outk-teut  England  V 

Three  short  field  trips  were  made -to  study  natural 

■chalk  exposures.  One  was  to~£astbourne,  Sussex,  to 
examine  structures  in  the  chalk  exposed  by  coastal 
erosion  and  the  otfeer  two  were  to  collect  samples  of 
the  Upper  Chalk  for  subsequent  testing.  The  two  sampling 
sites  were  at  Radlett,  Herts  and  Dunstable*  Beds.  The 
samples  were  collected  in  tin  boxes  sealed  with 
polythene  to  prevent  subsequent  dehydration. 
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LABORATORY  WORK 


The  initial  tests  used  different  rates  of  pressure 
rise  and  fall  and  investigated  their  influence  on  the 
consolidation  behaviour  of  renoulded  kaolin it ic  ball 
clay.  There  then  followed  a series  of  tests  that  studied 
the  influence  of  pore  fluid  chenistry,  varying  fro*  fresh 
to  hypersaline  water  on  the  sane  clay  at  the  sa*e 
loading  rates. 


The  testing  programme  on  kaolinitic  clay  was 
completed  by  an  examination  of  the  consolidation 
behaviour  of  natural  kaolinitic  deposits  using  material 
collected  from  the  south-west  of  England:  this  enabled 
a comparison  to  be  made  between  the  consolidation  and 
associated  changes  in  chemistry  and  fabric  of  remoulded 
and  undisturbed  samples  of  kaolinitic  materials. 


The  next  stage  of  high  pressure  testing  concerned 
the  compaction  of  montmoril Ionite.  The  programme  of 
involved  montmorillonite  remoulded  in  distilled 


tests 

water  of  saline  water  and  then  compacted  at  a constant 
rate  of  10  psi/hr  followed  by  unloading  at  20  psi/hr. 
The  tests  were  carried  out  at  constant  temperatures 
ranging  from  20  to  80°C. 


btf&  j U; 


A summary  of  all  this  high  pressure  tests  that 
have  been  conducted  during  the  period  of  this  research 
contract  is  presented  in  Table  6.1. 


6.2  Programme  of  work  with  other  equipment 

Comparison  of  the  high  pressure  tests  on  ball  clay 
carried  out  at  a constant  rate  of  change  of  stress  with 
similar  tests  carried  out  at  a constant  rate  of  strain 
were  made  using  constant  rate  of  strain  apparatus  (see 
chapter  S).  Investigations  at  low  stress  levels  were 
made  to  observe  the  effects  of  changes  in  temperature 
on  consolidation  of  kaolinitic  materials. 


BC.CH9.H  l 15.2.73  I 2500  psi 


17dC 


Hi- 


BC.CHP.13  8.3.75  418 

BC.CHP.14  14.3.73  4653 


BC.CHP. IS  22.5.73 


7000 


BC.CHP. 17  I 2.7.73 


5520 


BC.CHP. 18  5.10.73  5015 

BC.CHP. 19  26.10.73  6504 

BC.CHP. 20  15.12.73  6800 


BC.CHP. 21  27.12.73  8000 
BC.CHP. 22  7.3.75  10 


N.IC.CHP.l  25.6.74  7800 


N.FA.CHP.l  10.9.74  4300 
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Ball  clay 
remoulded 
in  dist- 
illed water 


Ball  clay 
remoulded 
in  half 
saline 
water 


Ball  clay 
remoulded 
in  dist-  * 
illed  water 


Ball  clay 
remoulded 
in  hyper- 
saline 
water 


Ball  clay 
sedimented 
in  dist- 
illed water 

Ball  clay 
undisturbed 

Falmouth 
clay  un- 
disturbed 

Fuller's 
earth  re- 
moulded in 
distilled 
water 
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Further  investigations  into  the  basic  consolidation 
behaviour  of  eater ials  at  low  stress  levels  has  been 
concerned  with  the  effects  of  moisture  content  and 
teeperature.  The  effects  of  temperature  were  exam- 
ined for  remoulded  Chalk  (C  series)  and  remoulded 
Fuller's  Earth  (FE  series),  and  moisture  content  for 
remoulded  Fuller's  Earth  (FE  Series).  A variation 
in  moisture  content,  by  the  addition  of  varying 
amounts  of  chalk  or  sand  filler,  and  the  consequence 
of  this  on  the  consolidation  characteristics  were 
examined  for  Fuller's  Earth  remoulded  with  Chalk 
(CF  series)  and  with  Sand  (S  series). 

The  most  recent  consolidation  testing  has  used 
the  Rowe  Cell.  This  Cell  has  been  adapted  to  enable 
consolidation  to  be  carried  out  at  elevated  temper- 
atures and  for  pore  fluids  to  be  substituted.  These 
tests  are  designed  to  provide  information  on  the 
compaction  characteristics  of  sediments  similar  to 
those  being  tested  in  the  high  pressure  equipment 
but  over  a lower  range  of  pressures  (0-125  psi) 
and  temperatures  (15-30°C). 

A summary  of  the  tests  carried  out  other  than 
in  the  high  pressure  apparatus  is  presented  in  Table 
6.2. 
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TABLE  6,2 


of  consolidation  tests  other  than  those  carried  out 


high  temperature 


(All  are  oedometer  tests  unless  otherwise  indicated  CHS  • 
constant  rate  of  strain  test;  R ■ Rowe  Cell  test) 


Material 


Max  Pressure 


Date 


2830 

814 


Chalk  remoulded 
in  distilled  water 


100:0  Chalk 


104U75 


Fuller's  Earth 
90:10  " 

80:20  " 
70:30  " 

60:40  " 

Fuller's  Earth 
remoulded  in 


Max  Pressure  I Max  Tea 


Material 


Fuller's  Earth 
remoulded  in 
distilled  water 


Fuller's  Earth 
remoulded  in 
saline  water 
Fuller's  Earth 
remoulded  in 
distilled  water 


SO; SO  Fuller's 
Earth:  sand 


TABLE  6.2  continued 
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fjr 

FE 

17 

■ 

FE 

18 

FE 

19 

FE 

20 

FE 

21 

FE 

23 

Date 


Material 


40:60  Fuller's 
Earth:  sand 
100:0  " 

50:  SO 

70:50  " 

R;  Fuller's  Earth 
remoulded  in 
distilled  water 


R;  Fuller's  Earth 
remoulded  in 
saline  water 
with  substitu- 


tion of  dist 
illed  water 


Test  in 
progress 


See  Supplementary  Report:  August  to  December  1976,  Chapter  10 


TABLE  6.2 


7.1  Results  of  High  Pressure  Work 


The  results  of  the  high  pressure  work  csrried  out 


during  the  period  of  this  grant  arc  given  on  the  following 
pages.  They  fall  into  three  basic  groups  as  follows 


Tests  Fli  1.  la,  7,  11,  12 


N series.  Tests  N BC 


For  each  test  is  listed  the  material  used,  the  loading 
cycle  and  variations  during  compaction  of  axial  pressure, 
pore  fluid  pressure,  thickness,  void  ratio,  permeability (1) 
and  coefficient  of  volume  decrease.  The  results  of  the 
chemical  analysis  of  the  pore  fluids  expelled  during 
compaction  are  given  in  tabular  form.  The  Tables  for 
the  chemistry  of  pore  fluids  expelled  from  the  Ball  Clays 
(BC  CUP  series  and  N series)  have  been  compiled  from 
graphs  . For  each  of  these  tests  each  element  was  analysed 
4 to  5 times  and  a trend  line  drawn.  The  values  given 
in  the  Tables  describe  these  lines. 


The  following  tests,  although  commenced  and  listed 
in  Chapter  6,  were  abandoned  for  various  reasons.  In  each 
case  the  results  are  either  non-existent  or  limited: 


FE  1 (repeated  as  Fli  la). 

FE  12  (repeated  as  FI:  13). 

BC  CUP  Tests  1 to  11:  these  were  run  at  the  time  the 
equipment  was  being  developed  and  were  used  mainly 
for  testing  the  equipment  rather  than  the  material. 
BC  CIIP  13  (repeated  as  RC  CUP  14). 

BC  CIIP  16  (repeated  as  BC  Clip  17). 

BC  CIIP  22 


Results  of  Low  Pressure  Work 

The  results  of  the  low  pressure  work  carried  out  in 
oedometers  and  constant  rate  of  strain  apparatus  during 
the  period  of  this  grant  are  given  on  the  following  pages 
They  fall  into  six  basic  groups  as  follows. 

FOOTNOTE:  See  Supplementary  Report  .........  Chapter  10. 


were  then  sheared  at  a constant  rate  under  different  normal 
loads  and  the  shear  stress  and  strain  recorded.  The  shear 
strength  parameters  obtained  from  these  tests  are  summarised 
below: 


Maximum 

Compaction 


Drained  e 


The  programme  of  shear  box  testing  is  continuing  to 
provide  information  on  the  repeatability  of  these  shear 
test  results  and  the  strength  of  the  remaining  specimens. 
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(1)  Note  on  presentation  of  permeability  values:-  The  graphs  for 

BC  CHP  tests  show  the  spread  of  calculated  values  for  permeability 
as  derived  from  using  in  each  calculation  one  of  the  following 
assumptions 

(a)  input  data  corrected  for  Cy 

(b)  input  data  uncorrccted  for  Cy 

(c)  input  data  assumes  linear  variation 

of  pore  water  pressure  with  axial  load 


Although  drainage  was  allowed  during  shearing,  the 
shear  strain  rate  of  0.1  mm/min  was  probably  insufficient 
to  enable  total  dissipation  of  excess  pore  pressures  owing 
to  the  extremely  low  permeability  of  montmorillonite.  For 
this  reason  the  shear  strength  parameters  quoted  above  are 
ptobably  closer  to  the  undrained  strengths. 
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DETAILS  OF  TEST  MATERIAL 


Fuller's  earth  remoulded  in  distilled  water 


TYPE  OF  TEST 


Rate  of  loading;  10  ps i/hr  ^ * 

Rate  of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maximum  consolidation  pressure  10  psi 


PROPOSED  INVESTIGATION 


Compaction  of  Ca  montmoril Ionite  at  17  C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  5.325  inches 
Air  dry  weight;  1756.0  g 


FINAL  CONDITION  OF  SAMPLE 


Moisture  content ; 109.11 
Thickness;  3.750  inches 
Weight;  1103.0  g 


FURTHER  COMMENTS 


During  preconsolidation  at  a rate  of  0.001  inch/min  high 
pore  pressures  developed.  The  rate  of  loading  was  sub- 
sequently  reduced  to  0.00013  inch/min.  After  pre- 
consolidation the  sample  was  observed  to  have  unequal 
strength  throughout  its  length  as  a consequence  of  the 
high  rate  of  preconsolidation  and  so  the  test  was 
abandoned . 


"■TMf-*-**  TBST  MATER1AU 


fuller's  earth  remoulded  in  distil  led  wat.r  and 
allowed  to  soak  for  3 days. 


Rate  of  loading;  10  psi/hr 

Rate  of  unloading;  10  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maximum  consolidation  pressure;3300  psi 

PROPOSED  INVESTIGATION 

Compaction  of  Car  Montmeril ionite  at  17  G 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  2.925  inches 
Air  dry  weight;  695.2  g 


nate  29.11.74 


i 


1 


few 


FINAL  CONDITION  OF  SAMPLE 
Moisture  content;  24  per  cent 
Thickness;  1.220  inch 

FURTHER  COMMENTS 

Unloading  had  to  be  commenced  before  proposed  maximum 
pressure  of  5000  psi  was  attained  due  to  limit  of 
travel  in  cell. 


analysis 


2296.0 


Test  FE  le 


DETAILS  OF  TEST  MATERIAL 


Fuller's  earth  remoulded  in  distilled  water  and  allowed  to 
soak  for  24  hours  before  sedinenting  direct  into  Cell. 


Rate  of  loading;  10  psi/hr- 

Rate  Of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maximus  consolidation  pressure;  5000  psi 


PROPOSED  INVESTIGATION 


Coapaction  of  Ca”  montmoril lonote  at  40  C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  3.016  inches 
Air  dry  weight;  498.5  g 


FINAL  CONDITION  OF  SAMP  LI 


Moisture  content;  36.6  per  cent 
Thickness;  1.372  inch 
Npight;  494:5  g 


IER  COMMENTS 


Results  of  chemical  analysis  of  pore  fluids  expelled 
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DETAILS  OF  TEST  MATERIAL 


Fuller's  earth  remoulded  in  distilled  water  and  allowed  to 
soak  for  24  hours  before  sedimenting  direct  into  Cell. 


TYPE  OF  TEST 


Rate  of  loading;  10  psi/hr 

Rate  of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maximum  consolidation  pressure;  SOOO  psi 


PROPOSED  INVESTIGATION 


montmoril Ionite  at  60  C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  3.202  inch 
Air  dry  weight;  452.9  g 


FINAL  CONDITION  OF  SAMPLE 


Moisture  content;  26.9  per  cent 
Thickness;  1.2 55  inch 
Weight;  457.0  g 


FURTHER  0 


31.83 
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uller's  earth  remoulded  in  distilled  water  and  allowed  to 
oak  for  48  hours  before  sedimenting  direct  into  Cell* 


? fRate  of  loading;  10  psi/hr 
Rate  of  unloading;  140  psi/hr 
Salinity  of  initial  pore  fluid 
Maximum  consolidation  pressure 


PROPOSED  INVESTIGATION 


nontmor illonitc  at  80  l 


INITIAL  CONDITION  OF  SAMPL1 


Thi6kness;  3.420  inches 
Air  dry  weight;  481.6  g 


PINAL  CONDITION  OF  SAMPLE 


Moisture  content;  59.7  per  cent 
Thickness;  1.693  inch 
Weight;  539.3  g 


COMMENTS 


Tiat  abandoned  because  of  leaking  seals  and  I'j  pump  reaching 


of  travel 


Results  of  cheat cal  analysis  of  pore  fluids  expelled  froa  FE  12 

Concentration  ng/1 


MV? 


AILS  OF  TEST  MATERIAL 


Rate  of  loading;  10  psi/hr 
Rate  of  unloading;  20  psi/hr 
Salinity  of  initial  pore  fluid 
Maximum  consolidation  pressure 


saline 
i psi 


PROPOSED  INVESTIGATION 


Compaction  of  Ca“  montaoril Ionite  at  80”C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  5.336  inches 
Air  dry  weight;  444.5  g 


PINAL  CONDITION  OP  SAMPLE 


Moisture  content;  36.1  per  cent 
Thickness;  1.276  inch 
Weight;  446.8  g 


i m 

iii 


•H  © 

C w 


♦» 

m 

*•  *, 

e " 

§ m 

*»  * 
0 
O 

u 


- ♦ 

0 

-i  * 


l"m 

St 


0000000O000000000000000 

• • • • • • • • ♦ • • m • • • • • • • • • • • 

S 2290000000000000000000 
OOPMOOQOOdtflAI/IMOMlAOMMMM 
r4OkOk3oooki*>Wk0r»Oooto«r-«r*>tAiAtAiAiAiH««i 
N M H rt  H H H WrtHNHHHrtHHHHMrtHH 


u%0  0 
• • • 
^ w>  in 


W O ^ 0 N « 00 

• * f*.  ♦’  ■;  • • • • 

W Ul  Vk  III  IA  « f 


CO  oo  o «t  «t 


n «r  • h « o r»  « M • 


0 0^000000000000000000000 
• • ••••  ••••••••••*•••••• 

O^oooovOOO'OoooooO^O'OooO'OOQoofNC^r^ 

O^H«Neoo)9iooiA«NH«K)ioo»tooononN 

cneooor^r-i^-r'»«-r~r^r^r^r-t~-r^i^>0'0'0>04/>m^»'# 


oo  Ki  oo  o O nOu>uiintneoooK)t(«MK)iAOnonn 

OOOlfl09)Ol9iOiA9iOlOlO)A9tOlOlOlOlOlOI9lAOl  C? 


O »o 


0 0 0*0 


oototntooOOOOOOtotnOtoto 


O*A'O*AO*t0''a*HNr<tN|/)OOOOOOHtslAN00 
00«NlA«tO<OinU)^<«'«<rK)*»K)NNHOOkOONN 
NNNNNNNNNNNNNNNNN  NNNrtHHH 


0*oO*o*oO«M*oooioOO*o 


(M  o O to 


O *o  oo  o O 


§ * 

♦ 

• 

CM 

• 

• 

• 

to 

•-* 

in 

- • 

m 

% 

N 

• 

K> 

CM 

• 

CM 

'• 

vO 

• 

H 

• 

o 

• 

»-0 

• 

I-* 

• 

H 

. • 

o* 

• 

• 

00 

A 

O 

• 

CM 

• 

f-C 

• 

CM 

M 

•A 

**• 

or 

«*• 

«r 

«» 

•» 

*r 

««r 

in 

OO 

oo 

OO 

OO 

oo 

OO 

i 8 

M 

o 

to 

©to  to 

o 

to 

o 

to 

to 

O 

OO 

to 

to 

oo 

oo 

o 

O 

oo 

00 

to 

to 

in 

« *t  to 

CM 

CM 

00 

IM 

£ 

oo 

H 

o 

Ok 

m 

CM 

to 

Ok 

Ok 

Ok 

Ok  Ok  Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

Ok 

•0 

no 

no 

00 

no 

00 

00 

H M « O O N 
O O O H H H 


A M « O 
rt  M N « 


ooo«~*OoooooOO 

<*0«OI«N»H 


OOOOOOOOOOOOOOO  © h N n o OA  • H 


&&10  filin' 


TEST  NO.  FE  16 


Date:  27.8*75 


DETAILS  OF  TEST  MATERIAL 


* 

Fuller's  earth  reuoulded  in  saline  water  and  allowed  to 

soak  for  5 days  before  sediuenting  direct  into  Cell/ 

v 

TYPE  OF  TEST  * 

Rate  of  loading;  10  psi/hr  % 

Rate  of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  unit  salinity 

Maximum  consolidation  pressure;  S710  psi  held  for  3 days 

PROPOSED  INVESTIGATION 


* 

Compaction  of  Ca”  montmoril Ionite  at  40°C 
INITIAL  CONDITION  OF  SAMPLE 


Moisture  content;  26.2  per  cent 
Thickness;  1.102  inch 
Weight;  412.9  g 


FURTHER  COMMENTS 

Held  *t  5710  psi  for  3 days  then  unloaded  at  20  psi/hr 
to  4590  psi  which  was  held  for  9 days. 


TIm  (Min)  *l<f 

CHAME  IN  THICKNESS  OF  THt  SAMPLE  WITH  TIME 


VMIXTlM  9T  POWKMILITY  WITH  TIM 
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TABLE  7.6  (continued) 


LS  OP  TEST  MATERIAL 


Fuller’s  earth  remoulded  in  distilled  water  and  allowed  to 


soak  for  6 days  before  sedimenting  direct  into  Cell 


ffW  v,y  , S?  fi;  ; 

Rate  of  loadinf;  10  psi/hr 

Rate  of  unloading;  IS  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maximum  consolidation  pressure;  320  psi 


PROPOSED  INVESTIGATION 


Compaction  of  Ca”  uontmorillonite  at  20  C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  3.708  inches 
Air  dry  weight;  430. S g 


Moisture  content;  72.8  per  cent 
Thickness ; 2.087  inches 
Weight;  521.7  g 


Teet’ abandoned  due  to  blockage  and  no  novenent  of  piston 


Test  FE  22 


Results  of  cfceaical  analysis  of  pore  fluids  expelled  fro»  FE  22 
~ Concentration  mg/ 1 
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OF  TEST 


TiqT  NO.  FE  24 

'•  / ...  ....  - ■ • 

DETAILS  OF  TEST  MATERIAL 

Fuller ’ s earth  remoulded  in  saline  water  and  allowed  to 
^k  for  5 days  before  sedimenting  direct  into  Cell. 


Rate  of  loading;  10  psi/hr 

Hate  of  unloading;  100  psi/hr 

Salinity  of  initial  pore  fluid;  unit  salinity 

Maximum  consolidation  pressure;  5175  psi  held  for  6 days 

' * J-  ' K V ;>  . V 

PROPOSED  INVESTIGATION 

Compaction  of  Ca'  nontmoril Ionite  at  60°C 

INITIAL  CONDITION  OF  SAMPLE 

Thickness;  2.709  inches 
Air  dry  weight;  391.5  g 

i 

FINAL  CONDITION  OF  SAMPLE 

Moisture  content;  31.5  per  cent 
Thickness;  1.024  inch 
Weight-  382.82  g 

FURTHER  COMMENTS 

Silicone  oil  was  present  at  the  tmdrained  end  of  the  specimen 
and  so  the  sample  was  rapidly  unloaded.  The  unloading  produced 
three  major  vertical  fissures  and  numerous  small  fissures 
around  the  margin. 
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TABLE  7.8  (continued) 
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TEST  NO,  FE  27  Date:  9.1.76_ 

DETAILS  OF  TEST  MATERIAL 

Fuller's  earth  remoulded  in  saline  water  and  allowed  to 
soak  for  6 days  before  sedimenting  direct  into  Cell*. 

TYPE  OF  TEST 

Rate  of  loading;  10  psi/hr 

Rate  of  unloading;  100  psi/hr  » 

Salinity  of  initial  pore  fluid;  unit  salinity 
Maximum  consolidation  pressure;  1620  psi 

PROPOSED  INVESTIGATION 

Compaction  Ca~  montmorillonite  at  20°C 

INITIAL  CONDITION  OF  SAMPLE 

' ■" ' « 

Moisture  content;  37.8  per  cent 
Thickness;  1.410  inch 
Weight;  495.5  g 

FURTHER  COMMENTS 

Test  abandoned  because  of  anomalous  behaviour  in  pore 
fluid  pressure. 
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aline  water  and  allpwed  to 
jnting  direct  into  Cell- 


Puller’s  earth  remoulded  in 
soak  for  2 days  before  sedim 


Rate  of  loading;  10  psi/hT^ 
Rate  of  unloading;  20  psi/hr 
Salinity  of  initial  pore  fluid 
Maxiaun  consolidation  pressure 


unit  salinity 

4500  psi;  held  for  130  hours 


PROPOSED  INVESTIGATION 


Compaction  of  Ca"  nontmoril Ionite  at  20  C 


N1T1AL  CONDITION  OF  SAMPLE 


Thickness;  3.376  inches 
Air  dry  weight;  371.5  g 


FINAL  CONDITION  OP  SAMPLE 


Moisture  content;  29.0  per  cent 
Thickness;  1.142  inch 
iaight;  424.1  g 


pore  pressure  pipe  had  to  be  bled  during  initial  loading 
period  due  to  blocking  up  with  sediment. 
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DETAILS  OF  TEST  MATERIAL 


Puller's  earth  remoulded  la  saline  water  and  allowed  to 
soak  for  18  days  before  sedftaenting  direct  into  Cell. 


Rate  of  loading;  10  psi/hr 
Rate  of  unloading;  20  psi/hr 


unit  salinity 


Salinity  of  initial  pore  fluid 


Maxi nun  consolidation  pressure;  5000  psi  held  for  15  hours 


PROPOSED  INVESTIGATION 


aontaoril Ionite  at  60  C 


INITIAL  CONDITION  OF 


Thickness;  3.341  inches 
Air  dry  weight;  392.0  g 


PINAL  CONDITION  OP  SAMPLE 


Moisture  content;  25.1  per  cent 
Thickaees;  1*22  inch 
Haight;  414.5  g 
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TABLE  7.12 

try  of  fiaotechnlcal  Properties  of 


Specific  Gravity 

2.01 

Clay  fraction  (less  than  2u) 

75.01 

Liquid  Limit 

66.2 

Plastic  Limit 

35.6 

Cation  Exchange  Capacity 

9.0 

Mineralogy:  Quartz 

JLaolijute 

171 

581  (disordered  type) 

Tllite 

121 

Chlorite 

Mixed  Layer  Minerals 

Other  Non-Clay  Minerals 

31 

51 

51 

This  material  was  used  in  the  BC  LIU*  Scries 
of  tests  as  described  in  the  following  pages 
and  Test  N BC  CUP  1. 


Date 


DETAILS  OF  TEST  MATERIAL 

Clay  type;  Ball  clay;  propertied  are  in 
State  of  original  sample;  remoulded  wit 


a time  dependent  increase 


To  investigate  the  influence  of 


the  consolidation  behaviour  of  the  clay 


in  axial  pressure  on 


INITIAL  CONDITION  OF  THE  SAMPLE 


Moisture  Content;  102. S per  cent 
Thickness;  3.780  inches 
Weight;  2.621  lbf 

PRECONSOLIDATION  STAGE 

The  specimen  was  not  preconsolidated 

LOADING  STAGE 

Total  decrease  in  thickness;  1.455  inches 
Equivalent  change  in  Void  ratio;  1.155 

UNLOADING  STAGE 

Rate  of  unloading;  2 psi  per  minute 
TfttMi  rebound  of  the  sample; . 0.179  inches 


FINAL  CONDITION  OP  THE  SAMPLE 


Moisture  content;  20.7 
Thickness;  1.902  inches 
Weight;  2.183  lbf 


This  test  was  the  first  to  be  performed  with  the  semi-automatic 
loading  system.  The  following  points  were  noted: 

ral  The  initial  condition  of  the  specimen  was  too  soft  and 
proved  inconvenient  in  the  handling  during  assembly. 

*ibl  Two  peaks  were  observed  in  the  porewateT  pressure 
variations*  soon  in  the  figure  annexed,  the  second  peak  was 
associated  with  an  abrupt  chance  in  the  compaction  behaviour. 
Furthermore  the  pore  fluids  collected  at  this  pressure  showed 
trace*  af  the  hydraulic  fluid  probably  due  to  a leak  in  the 
upper  peer  fluid  connections. 

rut  To  loadsemi-autematically  proved  tedious  as  well  as 
iLu*  rnunath  its  effects  are  seen  in  the  small  scale 


k cmp  ii  Kami 


, 50.0 

Tta*  (Ml*)  * 10s 

vmiatiom  or  root  rtuio  mcssuke  at  unomihco  mo  with  vine 


Log  (Pcrmtability  HO)  Log  (Mv  SQ  IN/LBF) 

-6.0  3.0  -7.0  *>.0 


TABLE  7.13 

Results  of  chemical  analysis  of  pore  fluids  expelled  from  BC  CHP  12 
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TEST  NO.  BC  CUP  14 


Date:  8.3.73 


DETAILS  OP  TEST  MATERIAL 


TYPE  OF  TEST 


Rate  of  loading;  1 psi/min 

Salinity  of  the  pore  fluid  initially;  non  saline 
Maximum  consolidation  pressure;  4653  psi 


PROPOSED  INVESTIGATION 


To  study  the  repeatability  of  the  experiment  and  also 
to  observe  the  effects  of  preconsolidation, 

INITIAL  CONDITION  OF  THE  SAMPLE 

Moisture  Content;  101.5  per  cent 
Thickness;  5.875  inches 
Weight;  3.918  lbf 


PRECONSOL I DAT I ON  STAGE 


PINAL  CONDITION  OP  THE  SAMPLE 


Moisture  content;  21.99 
Thickness;  2. 675  inches 
Weight;  2.48S  lbf 

FURTHER  COMMENTS 


None 


I 

I 


Date:  22.5.73 


TAILS  OF  TEST  MATERIAL 


£&-  — *•»  »»»• 

w^ter 

; * j V 

TYPE  OF  TEST  \ 


faWW  lniti.Uy:  h.lf-norual  ..U». 
Maximum  consolidating  pressure;  7000  psi 

PROPOSED  INVESTIGATION 

To  investigate  the  influence  of  a saline  pore  fluid 
TUTTTAL  CONDITION  OF  THE  SAMPLE 


Moisture  Content;  97.8  per  cent 
Thickness;  5.45  inches 
Weight;  5.549  lbf 

PRBCONSOLIDATION  STAGE 

Rate  of  strain;  0.0017  inches  per  ninute 
Maximum  preconsolidation  stress;  85  pet 
Moisture  content  .fter  per  c* 

Thickness  after  preconsolidation.  3.437  inches 
Weight  after  preconsolidation;  2.645  log 

LOADING  STAGE 

Total  decrease  in  thickness;  1.58  inches 
UNLOADING  STAGE 


Total  decrease  in  thickness;  v®**y  rJP _onitored 
Total  Tebound  of  the  sample;  could  not  be  monitored 

FfNAL  CONDITION  OF  THE  SAMPLE 

MOisture  content;  11.75  per  cent 
Thickness;  2.210  inches 
WOight;  2.05  lbf 

FURTHER  COKRWTS 

.ki ■ tha  sore  fluid  was  saline  and  it  was  observed 

Sn^Uli  Sttw  eSSSituS.  rowinin,  th.  •»•)  th.  ««nltud. 
a#  th*  core  fluid  pressure  peak  was  less  than  in  the  earlier 
&S!  *£?  i .icoSd  po.k  of  m 7 

fsee  fisnren)  * this  too  was  associated  with  a *he 

consolidation  curve.  However  in  thls^ tost  the  “T**01®®  _ 

A^rtrrrad  *•  a result  of  'M  excessive  building  up  of  P|  and 

hS  wbtoSSoJlt  Sll!  WiS  the  rise  to  u -the  ««ltor 

i .j  <tna  tn  a*'  aarthlns  fault  caused  by  the  entry 


of°nor#7 ftuir  intrthrtTMwducerRouotot.  Therefore  th. 
unloading  stag*  t0  b*  ex®e*ted  so  as  to  avoid  tho 

occurrence  of  uanonitored  swelling. 


5:<e 


Log  (ftroMbility  NO) 


O isv-if)  fi  . 

x*  kir  ou.i: 


ILS  OF  TEST  MATERIAL 


in  Table  7.12 
i in  saline  water 


ay  type;  Ball  clay  properties  as 
ate  of  original  sanple;  renoulde 


te  of  loading;  1 psi  per  ninute 
Unity  of  the  pore  fluid  initia 
acinus  consolidation  pressure;- 5 


unit  salinity 


PROPOSED  INVESTIGATION 


increased- salinity  on  consolidation 


tie  influence  of  ap 
behaviour 


INITIAL  CONDITION  OF  THE  SAMPLE 


Moisture  Content;  94.0  per  cent 
Thickness;  5.68  inches 
Nfeight;  3.527  lbf 
j ~ 

PEECONSOL IDATION  STAGE  - 
Rate  of  Strain;  0.0016  ihch/nin 

Maxinun  preconsolidation  stress ; 85  psi  t 

Moisture  content  nfter  preconsoUdetion.  ee.tO  per  cent 
Thickness  after  preconsolidetion:  S.MO  Inches 
Weight  after  preconsolidation;  2.734  lbf 

LOADING  STAGE 

1.335  inches 


Total  decrease  in  thickness; 


CONDITION  OF  THE  SAMPLE 


salinity  of  the  pore  fluid 


t«»t  showed  that  an  increased  salinity  of  the  pore  tiuia 
rthi”i«kHid  iSS  l.tw.rttr  of  t)..  first  pore  ™w  pressor. 

S»d  1400  psi  f.'  pressor.,  .«  t^' 

■pie  was  noticed  (see  figures!.  At  thm  sm  tine,  the 

^oUS«rr"hS”l»!SSnSL4t*r JSSSSerSldaS^ej^e^o 

«i»E2  JiUeit.  This  resulted  fro**  a seepage  of  fore  water 

iltored 


asRuickly  unleaded  to  avoid  excessive 

aector  had  to  be  ordered  free  the  USA  and  there 
iths  delay. 


Date:  5.10.73 


TEST  NO.  BC  CHP  18 

DETAILS  OF  TEST  MATERIAL 

Clay  type;  Ball  clay  properties  as  in  Table  7.12 
State  of  original  sample;  remoulded  in  distilled  water 

TYPE  OF  TEST 

Rate  of  loading;  2 psi  per  minute 

Salinity  of  the  pore  fluid  initially;  non  saline 

Maximum  consolidating  pressure;  S01S  psi 

PROPOSED  INVESTIGATION 

Second  of  a series  of  tests  to  investigate  the  effect  of  the 
rate  of  loading  on  the  properties  of  the  specimen 

INITIAL  CONDITION  OF  THE  SAMPLE 

Moisture  Content;  86.0  per  cent 
Thickness;  5.775  inches 
Weight; 2. 866  lbf 

PRECONSOL I PATTON  STAGE 

Rate  of  strain;  0,0017  inches /min 
Maximum  preconsolidation  stress;  80  psi 
Moisture  content  after  preconsolidation;  61.0  per  cent 
Thickness  after  preconsolidation;  3.955  inches 
Weight  after  preconsolidation;  2.381  lbf 

LOADING  STAGE 

Total  decrease  in  thickness;  1.5548  inches 


UNLOADING  STAGE 

Rate  of  unloading;  2 psi  per  minute 
Total  rebound  of  the  sample;  0.0906  inches 

FINAL  CONDITION  OF  THE  SAMPLE 

Moisture  content;  16.36  per  cent 
Thickness;  2.3125  inches 
Weight;  2.110  lbf 

FURTHER  COMMENTS 

This  was  a fairly  successful  test  except  for  times  whan  the 
pressure,  pencil  pistol  had  been  jammed  on  either  increase 
or  decrease  (total  number  of  occurrences  • 4 times).  The 
effects  of  such  are  clearly  evident  from  the  respective 
pore  water  pressure  response  curve. 

The  obvious  effect  of  the  increased  loading  rate  was  to 
intensify  the  pore  water  pressure  peak. 


■'W 


Results  of  chemical  analysis  of  pore  fluids  expelled  frou  BC  CHP  18 
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TEST  NO.  * BC  CHP  19 


Date:  26*10.73 


DETAILS  OF  TEST  MATERIAL 

Clay  type;  Ball  clay;  properties  as  in  Table  7.12 
State  of  original  sample;  remoulded  in  distilled  water 

TYPE  OF  TEST 

Rate  of  loading;  \ psi  per  minute 

Salinity  of  the  pore  fluid  initially;  non  saline 

Maximum* consolidation  pressure;  6604  psi 

PROPOSED  INVESTIGATION 

The  third  test  of  a series  investigating  the  influence 
of  rate  of  loading  on  the  compaction  behaviour. 

INITIAL  CONDITION  OF  THE  SAMPLE 

Moisture  Content;  113.0  per  cent 
Thickness;  5.405  inches 
Weight;  3.439  lbf 

PRECONSOLIDATION  STAGE 

Rate  of  strain;  0.0017  inches  per  minute 
Maximum  preconsolidation  stress;  85  psi 
Mdisture  content  after  preconsolidation;  69.65 
Thickness  after  preconsolidation;  3.655  inches 
Weight  after  preconsolidation;  2.954  lbf 

LOADING  STAGE 

Total  decrease  in  thickness;  1.715  inches 


UNLOADING  STAGE 

Rate  of  unloading;  2 psi  per  minute 
Total  rebound  of  the  samples  0.1278  inthes 

PINAL  CONDITION  OF  THE  SAMPLE 

Moisture  content;  13.13  per  cent 
Thickness;  1.969  inches 
Weight;  1.I2S  lbf 

FURTHER  COMMENTS 

The  instantaneous  decay  of  pore  fluid  pressure  response 
Me  figures  oyer)  is  a result  of  the  pressure  pencil 
piston  mtlddlmig*  The  pore  fluid  pressure  peak  has  a 
very  low  intensity  associated  with  the  slow  rate  of 
loading. 


ii 


Porosity 

VARIATION  OF  PERMEABILITY  WITH  POROSITY 


TABLE  7.18 

kualts  of  che«ic.l  .n. lysis  of  pore  fluids  expelled  fro*  BC  CHP  19 


DETAILS  OF  TEST  MATERIAL 

Clay  type;  Ball  clay;  properties  as  in  Table  7.12 
State  of  original  sample;  remoulded  in  hypersaline  water 

TYPE  OF  TEST 

Rate  of  loading;  2 psi  per  Minute 

Salinity  of  the  pore  fluid  initially;  2 x normal  salinity 
Maxinun  consolidating  pressure;  6800  psi 

PROPOSED  INVESTIGATION 


To  complete  the  series  of  tests  investigating  the 
influence  of  rate  of  loading  and  salinity  on  compaction 
behaviour 

INITIAL  CONDITION  OP  THE  SAMPLE 


Moisture  Content;  80.0  per  cent 
Thickness;  5.80  inches 
height ; 3.809  lbf 

PRECONSOLIDATION  STAGE 


TEST  NO.  BC  CHP  20 


Date:  IS. 12. 73 


Rate  of  unloading;  2 psi  per  minute 
Total  rebound  of  the  sample;  0.168  inches 

PINAL  CONDITION  OF  THE  SAMPLE 

Moisture  content;  20.45  per  cent 
TMckness;  2.850  inches 


FURTHER  COMMENTS 

This  test  gave  results  that  fell  in  line  with  the  observations 
of  the  previous  tests.  There  was  however  frequent  difficulty 
with  the  sticking  of  pressure  pencil  piston. 


Rate  of  strain;  0.0017  inches/minute 
Maximum  preconsolidation  stress;  85)  psi 

Moisture  content  after  preconsolidation;  (information  lost) 
Thickness  after  preconsolidation;  3.822  inches 
Weight  after  preconsolidation;  2.921  lbf 

LOADING  STAGE 

Total  decrease  in  thickness;  1.095  inches 


UNLOADINu  STAGE 


Results  of  chemical  analysis  of  pore  fluids  expelled  from  BC  CHP  20 


DETAILS  OF  TEST  MATE 


ype;  Ball  Clay;  properties 
of  original  sample;  remoul 


PROPOSED  INVESTIGATION 

A further  hyper saline 


test  to  investigate  its  influence  on 


the  observed  parameters 


INITIAL  CONDITION  OP  THE  SAMPLE 

Moisture  content;  120.0 
Thickness;  S.8S0 
Weight;  1713  gns 


total  decrease  in  thickness 


btmai.  condition  OF 


IHON  (CM* 


DETAILS'  OF  TEST  MATERIAL 


B*L1  clay  (BC  983)  sedimented.  in  distilled  water 


TYPE  DF  TEST 


Rate  of  loading;  10  ps i/hr 

Rate  of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  non  saline 

Maxipun  consolidation  pressure; 


PROPOSED  INVESTIGATI ON 


Consolidation  of  Ball  clay 


FURTHER  COMMENTS 


Test  abandoned  as  slurry  was  too  wet  to  assemble  in  the  Cell 
without  risk  of  clogging  up  pressure  head  assembly. 


TEST  NO.  N BC  CHP  1 


Date:  25. 6. 74 


DETAILS  OF  TEST  MATERIAL 

Clay  type;  Ball  clay  (Stoneware);  properties  in  Table  7.12 
State  of  original  sample;  undisturbed  trimmed  from  blocks 

TYPE  OF  TEST 

Rate  of  loading;  1 lbf/sq  in/minutc 

Maximum  consolidating  pressure;  7800  lbf/sq  in 

PROPOSED  INVESTIGATION 

To  determine  consolidation  character  of  overconsolidated  clay 
To  estimate  the  preconsolidation  load 

INITIAL  CONDITION  OF  SAMPLE 
Moisture  content;  23.5  per  cent 
Thickness;  3.09  inches 
Weight;  1248.00  gms 

LOADING  SPACE 

Total  compaction;  1.38  inches 
UNLOADING  STAGE 

Rate  of  unloading;  2 lbf/?n  Ln/minute 

i 

PINAL  CONDITION  OF  SAMPLE 
Moisture  content;  18.30  per  cent 
Thickness;  2.710  inches 
Weight;  1164.00  gms 


in  - nr  i — ^ — 
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Poros i ty 

VARIATION  OF  PERHEARIIITY  WITH  POROSITY 


Pate  10.9*74 


TEST  NO.  N PA  CHP  2 


DETAILS  OF  TEST  MATERIAL 

Clay  type;  Kaolinitic  sediaents  (Falmouth) 

State  of  saaple;  undiaturbed  collected  in  required 
size  fro*  the  field 

TYPE  OF  TEST 

Rate  of  loading;  1 Ibf/sq  in/ainute 

Maximum  consolidation  pressure;  4500  lb£/sq  in 

PROPOSED  INVESTIGATION 

To  determine  consolidation  of  character  (high  pressure) 
of  normally  consolidated  clay 

INITIAL  CONDITION  OF  SAMPLE 
Moisture  content;  52.95  per  cent 
Thickness;  3.685  inches 
Weight;  1300.0  gas 

LOADING  STAGE 

Total  compaction;  1.365  inches 
UNLOADING  STAGE 

Rate  of  unloading;  2 lbf/sq  in/minute 

FINAL  CONDITION  OF  SAMPLE 
Moisture  content;  17.92 
Thickhess;  2.321  inches 
Weight;  985.00  gms 


VARIATION  or  PORE  rUMO  NtSSWK  AT  WNOMIMD  ho  WITH  VINE  Lof  (A*,  err.  Truun  ptl) 

VARIATION  or  VOID  RATIO  WITH  tmCTIVt  PRESSURE 


Results  of  chenical  analysis  of  pore  fluids  expelled  fro*  N FA  CHP  2 


Initial  ThickMMl  1 6875  1.687  1.875  1.87b  I 1.875  1.875  1.875  1.875 
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CONCLUSIONS 


Les  an< 


the  believiour  of  clays  undergoing  compaction  is  described 
in  the  list  of  results  in  Chapter  7 (pp. 88-197).  This 
section  summarises  and  discusses  the  trends  observed  in 
these  results. 


The  pore  flittd  pressure  in  the  high  pressure  tests 
followed  a characteristic  pattern,  viz.  a build  up  of 
pressure  to  a maximum,  followed  by  a decay  of  pressure 
to  a residual,  equilibrium  value.  Typical  behaviour  of 
this  kind  was  shown  by  test  FE  11.  The  build  up  of  pore 
water  pressure  accompanies  the  constant  rate  of  loading, 
with  the  peak  occurring  when  the  period  of  constant 
compaction  is  completed.  The  time  taken  for  the  pore 
pressure  to  drop  from  its  peak  value  to  an  equilibrium 
value  was  shorter  in  the  kaolinitic  (Ball  Clay)  samples 
than  in  the  montmorillonitie  (Fuller's  Earth)  samples, 
and  reflects  the  greater  permeability  of  kaolinitic 
materials. 

The  magnitude  of  peak  pore  pressure  increases  with 
increased  rates  of  loading;  the  Ball  Clay  tests  BC  CHP 
18  and  19  illustrate  this  response.  Test  19  was  loaded 
at  O.S  psi/min  and  developed  a maximum  pore  pressure  of 
400  psi,  whereas  test  18  was  loaded  at  2.0  psi/min  and 
developed  a maximum  pore  pressure  of  1,100  psi.  The 

i » 

magnitude  of  peak  pore  pressure  is  also  influenced  by  the 
salinity  of  the  pore  water:  here  again,  the  Ball  Clay 
tests  illustrate  the  point.  Tests  BC  CHP  IS  and  17  were 
both!  loaded  at  1.0  psi/min,  however  the  initial  salinity 
of  pore  fluid  in  IS  was  half  that  of  normal  sea  water 
whereas  that  for  17  was  equal  to  normal  sea  water.  The- 
maximum  poke  pressure  developed  in  test  IS  was  300  psi 
whereas  that  developed  in  17  was  ISO  psi.  An  increase 
in  salinity  therefore  decreases  the  maximum  pore  pressure 
that  develops  during  compaction.  This  is  to  be 
expected  as  the  viscosity  of  water  decreases  with  an 
increase  im  salinity.  Viscosity  also  decreases  with  an 


202 


JMM  &>>■*» 


aj lull 


increase  in  temperature,  and  pore  pressure  peaks  become 
progressively  smaller  as  the  temperature  of  the 
compacting  environment  increases.  The  Fuller's  Earth 
tests  FE  7 and  FE  13  illustrate  this:  both  samples 
had  an  initial  pore  fluid  composed  of  distilled  water; 
both  were  subjected  to  maximum  consolidation  pressures 
of  5000  pel  yet  test  7 was  run  at  40°C  and  attained 
a maximum  pore  pressure  of  1,410  psi,  whereas  test  13 
was  run  at  80°C  and  the  maximum  pore  pressure  did  not 
exceed  700  psi. 


The  observations  suggest  that  the  peak  pore  fluid 
pressure  is  a result  of  the  rate  of  pore  pressure 
dissipation  being  slower  than  the  rate  of  axial  loading 
During  the  early,  stages  of  consolidation  specimen 
thickness  decreases  rapidly,  and  produces  a large  build 
up  of  pore  pressure.  Later,  as  the  specimen  thickness 
decreases  less  rapidly,  the  pore  pressure  decreases 
until  equilibrium  is  attained  between  the  rate  of  pore 
fluid  expulsion  and  rate  of  loading. 


The  effect  of  effective  pressure  on  void  ratio  was 
determined  for  all  the  compaction  tests.  Lower  void  ratios 
correspond  to  more  compact  materials  and  the  results  show 
that  slower  rates  of  compaction,  higher  initial  pore 
fluid  salinities  and  higher  temperatures  in  the  high 
pressure  tests  lead  to  more  compact  specimens 


The  addition  of  non-clay  material  does  not  change 
these  basic  trends,  but  does  diminish  the  response  that 
is  developed  in  pure  clay  materials.  Mixtures  of  Fuller's 
Barth  and  Sand  (S-eeries)  and  Fuller's  Earth  and  Chalk 
(a  limestone)  (CF-series)  were  tested.  In  both  cases 
the  increased  permeability  resulting  from  the  presence 
of  non-day  site  particles  led  to  an  increase  in  the 
coefficient  of  consolidation;  the  pure  clay  samples 
having  the  lowest  coefficient  of  all. 


The  relationship  between  porosity  and  permeability 


and  reveals  that  kaolinitic  Materials  respond  differ- 
ently in  this  respect  from  montmorillonite  Materials. 
In  the  Ball  Clays  the  porosity-permeability  relation- 
ship tends  to  be  non-linear,  there  being  a rapid 
decline  in  permeability  at  low  porosities:  see  for 
example  test  BC  CHP  14.  This  compares  with  a similar 
decrease  in  permeability  observed  in  the  field  by 
Magara  (1973).  Such  a change  in  the  porosity  permea- 
bility relationship  may  be  a clear  indication  that 
the  drainage  system  within  the  material  deteriorates 
in  some  way,  e.g.  becomes  discontinuous,  at  low 

No  such  change  in  the  relationship  between 


porosities 

porosity  and  permeability  has  been  observed  in  the  tests 
on  montmorillonite  material:  see  for  example  test  FE  13 
although  it  cannot  be  concluded  that  such  a change 
would  not  occur  at  higher  pressures,  or  after  greater 
de-watering.  However  it  is  fairly  clear  that  if  this 
change  occurs  in  montmorillonite,  it  develops  after  a 
greater  degree  of  consolidation  than  is  necessary  in 
kaolinites.  A further  understanding  of  this  behaviour 
naturally  leads  to  a consideration  of  fabric  end 
fabric  stability  under  load. 


The  importance  of  fabric  cannot  be  over-emphasised. 
Three  basic  forms  of  sample  preparation  have  been  used 
in  this  work  and  each  revealed  a different  response  to 
compaction.  The  crudest  sample  preparation  is  re- 
presented by  tests  such  as  FE  1A:  these  were  nixed  in 
the  specimen  chamber  and  then  consolidated.  A more 
refined  approach  is  represented  by  the  test  runs 
using  Ball  Clay,  e.g.  BC  CUP  14:  specimens  were  mixed, 
but  were>  2 inches  longer  than  required  by  the  high 
pressure  apparatus  so  that  they  could  be  gently  pre- 
consolidated before  being  subjected  to  a full 
consolidation.  By  far  the  best  approach  is  represented 
by  the  majority  of  the  Fuller’s  Barth  tests,  e.g. 

FE  13.  Here  slurry  was  sedimented  directly  into  the  c«U 
and  the  compaction  curves  for  tests  FE  1A,  it  CHP  14 
and  FB  13  reflect  the  differences  this  initial  fabric 
has  upon  the  consolidation  of  a material.  The  sedimented 


material  undergoes  much  more  rapid  compaction  and 
exhibits  less  rebound  during  unloading. 


Electron  micrographs  and  X-ray  diffraction  traces 
show  that  the  fabric  of  Ball  Clay  that  has  undergone 
compaction  in  the  high  pressure  oedometer  is  greatly 
influenced  by  dewatering.  In  any  specimen  the  dominant 
preferred  orientation  occurred  at  the  drained  end  where 
the  pore  fluid  pressure  was  lowest.  Fig.  8.1a  8 b 
illustrates  the  fabrics  that  can  develop  at  the  drained 
and  undrained  end  of  specimen  BC  CHP  12.  As  can  be 
seen  the  presence  of  coarse  particles  hinders  the 
development  of  preferred  orientation.  This  corresponds 
to  the  greater  fissility  of  shales  with  a higher  clay 
content.  The  rate  of  loading  also  affects  the  fabric 
that  is  developed,  the  slower  the  rate,  the  more 
oriented  the  fabric. 

All  the  evidence  points  towards  the  importance 
of  the  initial  fabric  to  consolidation  behaviour. 

The  scanning  electron  microphotographs  reveal  a close 
|B  relationship  between  drainage  and  fabric,  and  the 
compaction  records  underline  the  greater  efficiency 
of  naturally  sedimented  samples  at  permitting  easy 
drainage.  Compaction  enhances  the  fundamental  fabric 
developed  during  sedimentation  and  this  enhancement 
commences  early  in  the  compaction  process. 

8.2  Pore  fluid  properties  and’  behaviour 

The  chemical  analyses  of  the  pore  fluids  expelled 
during  compaction  are  tabulated  in  Chapter  7 . . 

For  the  pore  fluids  expelled  from  the  Ball  Clay 
and  Fuller's  Earth  two  prominent  and  separate  trends 
have  been  observed. 

Taead  f.  The  concentration  of  the  majority  of  the 
ions  decreases  with  increasing  pressure,  an  important 
exception  being  the  sulphates.  This  trend  is  well 
illustrated  by  tests  FE  16  and  17:  both  were  run  at 
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40°C,  FE  16  having  an  initial  pore  fluid  equivalent 
to  sea  water,  whereas  that  for  FE  17  was  distilled 
water.  If  the  initial  concentration  of  ions  is  low 
then  the  amount  by  which  the  concentration  decreases 
is  very  small.  Chlorine  and  magnesium  typically 
react  in  this  way. 

T*end  1.  The  concentration  of  ions  expelled  in  the 
pore  water  increases  with  an  increase  in  the  rate 
of  loading.  The  bsll  clay  tests  illustrate  this: 

BC  CHP  18  and  19.  Both  had  distilled  water  as  their  t> 

initial  pore  fluid,  but  test  18  was  run  at  2 psi/hr  whereas 
test  19  was  run  at  0.5  psi/hr.  Potassium  and  sodium 
illustrate  this  trend  quite  Clearly. 

Trend  1 may  well  be  reflecting  pore  fluid 
filtration  either  by  a physical  filtration  of  large 
ions  by  a small  porous  network,  or  by  the  chemical 
filtration  of  base  exchange  attracting  ions  to  the 
clay  minerals,  or  by  a combination  of  both  processes. 

Trend  2 suggests  that  an  energy  balance  can  be 
studied  for  compacting  sediments;  i.e.  the  energy 
is  equal  to  that  entering  the  system  plus  any  energy 
either  released  or  taken  into  storage  within  the 
system.  The  latter  could  be  of  considerable  interest, 
and  chemistry  may  be  the  most  rapid  way  of  studying 
this  problem. 

As  noted  in  section  8.1,  increases  in  the  temper- 
ature of  the  pore  water  affect  compaction  behaviour. 

Fuller’s  earth  tests  FE  1A,  7,  U,  12,  13  and  22  were 
all  conducted  at  the  same  rate  of  loading  but  at 
different  temperatures.  In  general  the  higher  the 
temperature  the  more  rapid  the  decrease  in  ionic 
concentration. 

S • ' >r 

Two  basic  processes  seem  to  be  in  operation:  a 
release  system  and  a transport  system.  The  release 


system  works  more  quickly  when  temperatures  are 
elevated  because  ions  around  the  lattices  become 
excited  and  are  more  easily  dislodged  from  their 
former  position  into  the  stream  of  discharging  pore 
fluid.  The  transport  system  quickens  with  increas- 
ing salinity  as  the  water  molecules  concentrate 
around  the  ions  present  in  solution  so  breaking  up 
the  more  chain-like  molecular  structure  of  purer 
water. 

These  two  processes  are  probably  exerting  an 
influence  on  the  way  pore  fluid  chemistry  responds 
to  pressure.  For  all  the  Fuller's  Barth  tests  the 
concentration  of  ions  rapidly  decreases  with 
increasing  stress  until  a level  of  stress  is  reached 
at  which  the  rate  of  decrease  markedly  declines. 

The  decrease  in  concentration  is  exponential  but  shows 
a break  in  curvature  indicating  two  distinct  phases 
of  pore  fluid  expulsion.  This  break  coincides  with  a 
change  in  the  rate  of  compaction.  The  initially  rapid 
decrease  in  thickness  is  reduced  to  a slower  phase 
which  corresponds  to  a decrease  in  the  volume  of  fluid 
expelled.  The  slower  rate  of  expulsion  enables  the 
pore  fluid  to  attain  a greater  equilibrium  with  the 
clay  and  thus  affect  its  composition.  The  work  of 
Rieke  et  al  (1964)  and  Chilingarian  et  al  (1973)  supports 
the  observations  that  the  compaction  of  montmorillonite 
produces  a decrease  in  the  concentration  cf  ions  in  the 
expelled  solutions  (Rosenbaum,  1976).  These  results 
imply  that  the  mechanisms  responsible  for  releasing 
ions  into  the  pore  fluid  and  allowing  their  expulsion 
are  closely  related  to  the  mechanical  compaction  and 
dewatering  of  the  sample. 

8.3  Geological  implications 

Compaction  tests  have  been  carried  out  on  clays  up 
to  a maximum  stress  of  about  8000  psi  and  temperatures 
up  to  80°C  corresponding  to  a depth  of  burial  of  8000  ft. 
of  overburden.  These  tests  have  not  attempted  to  simulate 
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the  full  effects  of  progressive  burial  and  exhumation 
which  would  have  required  ccntrol  of  the  pore  fluid 
pressure  and  specimen  temperature  to  simulate 
hydrostatic  and  geothermal  gradients.  Instead  an 
attempt  has  been  made  to  study  the  behaviour  of  kao- 
linitic  and  montmorillonitic  clays  under  controlled 
conditions  of  compaction  in  order  to  understand 
the  basic  behaviour  of  clayey  sediments  during 
compaction,  i.e.  during  changes  in  effective  stress, 
to  assist  the  interpretation  of  results  of  simulated 
diagenesis,  to  enable  a more  meaningful  interpretation 
of  field  data  and  to  achieve  a level  of  knowledge  that 
will  permit  predictions  to  'be  made  of  ground  behaviour 
both  past  (i.e.  geological)  and  future. 

One  prominent  observation  is  that  the  rate  of 
loading  influences  compaction  behaviour.  The  results 
suggest  that  rapid  rates  of  loading,  e.g.  as  with 
rapid  sediment  deposition,  can  cause  a "state  of 
partial  compaction"  with  residual  pore  fluid  pressures 
trapped  within  the  clay  body  as  occur  in  under- 
consolidated clay  sequences,  such  as  the  Mississipi 
Delta. 

Another  observation  is  that  the  major  part  of 
compaction  occurs  during  the  early  stages  of  loading 
which  conforms  to  the  dewatering  stage  described  in 
most  models  of  gravitational  compaction,  fore  fluid 
pressure  rises  to  a peak  and  falls  to  a constant 
level  when  the  pore  fluid  pressure  dissipation  rate 
is  in  equilibrium  with  the  rate  of  pressure  rise  due 
to  loading.  This  dependence  of  pore  pressure  on 
compaction  could  be  a mechanism  that  contributes  to 
the  evolution  of  anomalously  high  pore  pressures  in 
the  deep  burial  of  shales.  However,  such  pressures 
are  often  interpreted  as  being  associated  with  a 
chemical  "dewatering"  of  hydrated  mixed  layer  or 
other  clay  minerals;  further  experimental  work  is 
required  on  this  aspect.  The  change  in  style  of 
pore  pressure  change  may  also  be  related  to  a change 


in  drainage  path  and  the  ratio  of  horizontal  to 
vertical  permeability  as  progressive  gravitational 
compaction  takes  place.  This  ratio  will  approximate 
to  unity  at  the  initial  tine  of  deposition  but  will 
progressively  increase  during  the  burial  history  as 
fabric  changes  progressively  develop. 

The  change  in  salinity  of  the  pore  fluid  also 
influences  compaction  response  with  more  saline 
environments  producing  more  compact  shales.  This 
observation  may  have  important  implications  on  the 
factors  controlling  the  cementation  state  of  shales 
and  clay-shales.  It  has  been  observed  in  the  British 
Coal  Measures  that  fresh  or  brackish  water  shales 
(as  indicated  by  their  included  fossil,  content)  tend 
to  be  more  susceptible  to  slaking  when  in  a fresh 
state,  as  well  as  being  more  deeply  weathered,  than 
marine  shales  in  the  same  geological  sequence.  However, 
such  original  sedimentary  contrasts  can  also  be 
reflected  in  mineralogical  differences. 

Observations  of  fabric  showed  a greater  degree 
of  preferred  orientation  of  clay  particles  at  the 
drained  end  of  the  specimen.  This  in  a shale-sand 
sequence  the  shale  nearer  the  sand  body  would  be 
expected  tq  exhibit  a more  compact  fabric  due  to 
the  higher  permeability  of  the  sand,  a lower  “local 
permeability",  and  increased  efficiency  as  a semi- 
permeable  membrane.  However,  such  shale-sand  sequences 
are  not  uncommonly  associated  with  lateral  facies 
changes  so  that  individual  sand  layers  may  be  in 
contact,  at  their  extremities  with  one  another. 
Similarly,  the  shallow  water  environment  character- 
istically associated  with  shale-sand  sequences  are 
often  associated  with  fossil  structures,  such  as 
borings  and  worm  tubes,  which  inter-connect  between 
the  sand  layers.  Unless  the  sand  layers  are  well 
protected  from  each  other  by  continuous  clay  layers 
there  will  be  limited  opportunity  for  the  local  low 
permeability  zones  to  be  formed. 
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Pore  fluids  expelled  during  tests  exhibit  changes 
in  chemistry  which  support  the  "charged-ion  net"  theory 
of  ionic  filtration  processes  in  clays  rather  than  the 
theory  that  ions  are  filtered  depending  on  their 
physical  size. 

The  pressure  of  overburden  alone  is  not  sufficient 
to  decrease  the  porosity  of  kaolinitic  sediaents  below 
151.  The  heated  experiments  indicate  a definite 
reduction  in  porosity  with  temperature  suggesting  that 
the  geothermal  gradient  is  probably  an  important,  if 
not  tital,  agent  contributing  to  the  production  of 
shales  with  high  bulk  density.  In  the  low  pressure 
oedoaeter  tests,  the  viscosity  of  the  pore  fluid  ( which 
is  inversely  proportional  to  the  temperature)  has  been 
shown  to  be  the  dominant  controlling  factor  in  the 
compaction  process.  In  the  high  pressure  tests  the 
reduction  of  porosity  may  also  result  from  clay  mineral 
transformations.  However,  certain  clay  mineral 
transformations  such  as  montmoril Ionite  altering  to 
illite  are  accompanied  by  the  release  of  water  which, 
as  indicated,  can  be  a source  of  anomalous  pore  fluid 
pressures  and  corresponding  low  deniity  shales. 

Regional  variations  in  the  strength  or  compressibility 
of  individual  clay  strata  may,  therefore,  be  related 
to  original  variations  in  crustal  heat  flow.  This 
offers  an  interesting  line  of  research  of  relating 
regional  changes  of  the  geotechnical  characteristics 
of  clays  to  the  underlying  structure  rather  than  the 
subsequently  deposited  overburden  load. 
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10.  SUPPLEMENTARY  REPORT 
10.1  Introduction 

In  July  1976  Dr.  Hoyt  Lemons,  of  the  European  Office  in 
London,  and  delegates  froa  the  U.S.  Any  visited  College  to  review 
the  research  being  undertaken.  At  that  seating  it  was  suggested 
that  an  application  be  aade  for  an  extension  to  the  period  of 
the  grant  funding* this  work,  at  no  extra  cost:  this  was  to  assist 
our  efforts  in  obtaining  further  funds  froa  other  sources.  In 
September  1976  the  extension  requested  was  confined  for  a period 
of  6 aonths.  TNI  supplement  reports  the  work  undertaken  in  that 
period  viz.  July  1976. to  Deceaber  1976  inclusive. 


10.‘2  Results  of  hiah  pressure  work 


Pour  high  pressure  tests  were  conducted  during  the  period 
July-Deceaber  1976  which  fell  into  the  FE  series  listed  in  section 
7.1. 

The  tests  conducted  during  this  period  were: 

PE  32,  SS,  36  and  37 

The  material,  loading  cycle  and  change  in  axial  pressure,  pore 
fluid  pressure,  thickness,  void  ratio,  permeability  and  coefficients 
of  volume  decrease  are  given  in  the  accompanying  figures.  The 
results  of  the  choaical  analysis  of  the  pore  fluids  expelled  during 
coapaction  are  given  in  tabular  fora. 


10.3  Roiults  of  low  pressure  work 


All  work  carried  out  on  low  pressure  tests  during  this  period 
were  associated  with  substitution  experiments  and  are  described  in 
section  10.4.  The  chemical  results  of  FE  2S  are  fcduded  here  aa 
they  becaae  available  during  this  period.  Test  FE  26,  although 
listed  in  Chapter  6,  was  a trial  test  and  no  results  are  reported. 


Results  of  consolidation  tests  with  substitution 

The  low  pressure  work  using  the  Rowe  Cell  wa s continued  with 
an  additional  four  experiments:  FE  31,  33,  34,  and  36.  In  addition 
to  observing  the  coapaction  behaviour  of  aontaorll Ionite, these  tests 
were  used  to  exaaine  the  effects  of  pore  fluid  substitution.  The 
chemical  analyses  of  the  pore  fluids  expelled  during  coapaction  and 
substitution  are  given  in  tabular  fora  and  include  those  analyses 
not  given  in  section  7.S 


10.5  Results  of  unloading 

The  effects  of  unloading  on  the  behaviour  of  clay  specimens 
after  compaction  are  detailed  on  the  figures  presented  in  section 
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10.2  relating  to  tests  in  the  high  pressure  oedoaeter.  As  reported 

- " 

in  section  7.4,  unloading  always  produced  a swelling  of  the  specinen. 

10.6  Results  of  snail  shear  box  tests 
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Snail  shear  box  tests  have  been  carried  out  on  the  specimens 
produced  in  high  pressure  tests  FE  16,  24,  27,  29,  30,  32,  35,  36 
and  37.  These  were  conducted  in  the  manner  described  in  section 
7.5.  The  results  are  presented  in  tabular  form* 


10.7  Conclusions 

The  conclusions  regarding  the  soil  properties  and  behaviour, 
pore  fluid  properties  and  behaviour  and  the  geological  implications 
recorded  in  Chapter  8 were  supported  by  the  later  tests  reported 
in  this  Report.  The  high  pressure  tests  which  were  carried  out 
during  the  period  July-Decembcr  1976  concluded  the  series  on  the 
compaction  of  Ca-montnoril Ionite  at  a constant  rate  of  loading  and 
constant  temperature. 

' 

The  most  important  result  of  this  series  of  experiments  was 
the  isolation  of  temperature  as  a controlling  factor  in  (i)  the 
rate  of  physical  compaction  and  (ii)  the  change  in  chemistry  of 
the  pore  fluids.  The  final  tests  in  this  series  (FE  35,  36  and  37) 
were  conducted  at  the  same  rate  of  loading  but  with  a temperature 
that  was  a predetermined  function  of  the  axial  pressure.  The 
behaviour  of  the  montmorillonite  was  the  same  as  during  the 
constant  temperature  tests  at  the  corresponding  temperatures. 


This  result  also  confirmed  the  reproducibility  of  the 
specimen  behaviour  during  testing  in  the  high  pressure  oedoaeter. 
The  compaction  behaviour  recorded  during  the  low  pressure  tests 
carried  out  in  the  Rowe  Cell  was  similar  to  the  behaviour  in 
the  tests  recorded  in  Chapter  7.  The  ability  to  carry  out  pore 
fluid  substitution  enabled  a series  of  experiments  to  be  per- 
formed which  illustrated  the  effects  of  flushing  out  the  existing 
clay  pore  fluid  with  new  fluid  of  known  chemical  composition. 

This  also  enabled  the  effects  of  pore  fluid  substitution  on  pore 
fluid  chemistry  to  be  compared  with  the  effects  of  simple, 
compaction,  such  as  those  experiments  carried  out  in  the  high 


the  results  show  thst  the  effects  of  pore  fluid  substitution 
ate  rapidly  reflected  In  the  change  In  the  chenistry  of  the 
expelled  pore  fluid  and  that  the  rate  of  change  is  proportional 
to  the  temperature.  The  rate  of  change  and  the  magnitude  of 
the  reduction  in  pore  fluid  salinity  by  the  substitution  of 
distilled  water  wes  for  greater  than  the  effects  produced  by 
compaction  alone,  even  at  the  much  higher  stress  levels  produced 
in  the  high  pressure  oedoneter.  This  result  confirms  t at 
substitution  was  not  the  mechanism  involved  in  changing  the 
expelled  pore  fluid  chemistry  of  Ca-montmorlllonite  during 
high  pressure  compaction.  The  mechanism  proposed  in  Chapter 
for  explaining  the  observed  changes  in  pore  fluid  chemistry  has 
therefore  not  been  disproved.  This  mechanism  involved  the 
gradual  and  progressive  expulsion  of  the  adsorbed  water  around  clay 
particles  as  the  particles  were  forced  closer  together  during 
compaction  with  the  less  saline  inner  layers  of  adsorbed  water 
producing  a decrease, with  time,  in  the  salinity  of  the  expelled 

pore  fluid. 

The  results  of  the  shear  box  tests  indicated  that  the  peak 
shear  strength  was  controlled  by  the  fabric  of  the  compacted 
montmoTillonite.  High  temperature  tests  and  those  continue 
to  high  compaction  pressures  produced  compact  fabrics  whic  a 
a high  shear  strength.  The  residual  shear  strength  was  controlled 
by  the  adhesion  between  the  clay  particles  as  the  shear  »“en*t*s 
recorded  were  not  significantly  different  for  materials  that  had 
been  compacted  at  different  temperatures  or  pressures.  Howgver, 
the  adhesion  is  affected  by  the  presence  of  saline  pore  fluids 
and  the  tests  carried  out  on  nontnorillonite  sedimented  in 
distilled  water  produced  lower  residual  shear  strength  parameters 
those  sedinented  in  saline  us  ter. 
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Fullers  Berth  remoulded  in  saline  water  and  allowed  to  soak 
for  3 days  before  sedimenting  direct  into  Cell 


TYW  OF  TEST  - ' ; « •-  -■ •:  . •>  i • i 

Rate  of  loading;  10  psi/hr 

Rate  of  unloading;  20  psi/hr  > ^ 

Salinity  of  initial  pore  fluid;  unit  salinity 
Maximum  consdidation  pressure;  SOOO  psi  held  for  IS  days 


PROPOSED  INVESTIGATION 

Compaction  of  Ca-montmoril Ionite  at  to°C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  3.108  inches 
Air  dry  weight;  404.8  g 


FINAL  CONDITION  OF  SAMPLE 


Moisture  content;  27.51 
Thickness;  1.204  inches 
Weight;  451.2  g 
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DETAILS  OF  TBST  MATERIAL 


Pullers  Berth  remoulded  in  saline  water  and  allowed  to 
soak  for  3 days  before  sedimenting  direct  into  Cell 


Bate  of  loading;  10  ps i/hr 

Rate  of  unlaoding;  20  psi/hr 

Salinity  of  initial  pore  fluid; .unit  salinity 

Maximum  consolidation  pressure;  5000  psi  for  9 


PROPOSED  INVESTIGATION 

Compaction  of  Ca-montmorillonite  at  a temperature  gradient  of 

10°c/1000  p«i  fro*  20°c 


INITIAL  CONDITION  OF  SAMPLE 
Thickness;  3.103  inches 
Ait  dry  weight;  401.1  g 


FINAL  CONDITION  OF  SAMPLE 
Moisture  content;  27.81 
Thickness;  1.195  inches 
Veight;  442.3  g 


Unloaded  at  room  temperature 


TABLE  10.3  - Results  of  cheaical  analysis  of  pore  fluids  expelled  fro*  FE  36 

1 Concentration  mg/1 


FE  36  continued 
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Barth  renoulded  In  saline  water  end  allowed  to 
‘fit  days  before  sedineatiitg  direct  into  Cell 


Rate  of  loading;  10  ppi/hr 

Rate  of  unloading;  20  psi/hr 

Salinity  of  initial  pore  fluid;  unit  salinity 

Maxinun  consolidation  pressure;  8000  psi  for  13  days 


Conpaction  of  Ca-nontnoril Ionite  at  a tenperature  gradient 
of  10oC/1000  psi  fren  20°C 


Thickness;  3.421  inches 
Air  dry  weight;  3S6.4  g 


Moisture  content;  30. 31 
Thickness;  1.154  inches 
Weight;  426.0  g 


Heaters  failed  when  40°C  feed  been  attained  and  test 
was  continued  at  roon  tenperature. 
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F£  37  continued 
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DETAILS  OP  TEST  MATERIAL 

Fullers  Barth  remoulded  in  saline  water  and  placed  in  Rowe  Cell 


TYPE  OF  TEST 

Rate  of  loading; increments  of  10  psi 
Rate  of  unloading;  100  psi/hr 
Salinity  of  initial  pore  fluid;  non  saline 
Maximum  consolidation  pressure;  30  psi 


PROPOSED  INVESTIGATION 

Compaction  of  Ca-montmoril Ionite  at  30°C 


INITIAL  CONDITION  OF  SAMPLE 
Thickness;  57  mm 
Moisture  content;  120. 31 


FINAL  CONDITION  OF  SAMPLE 
Thickness;  41  mm 
Moisture  content;  73.81 


FURTHER  COMMENTS 


TABLE  10.6  -Results  of  chemical  analysis  of  pore  fluids  expelled  from  FE  28 
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Fullers  Earth  remoulded  in  saline  water  and  placed  in  Rowe  Cell 


Rate  of  loading;  increments  of  10  psi 
Rate  of  unloading;  decrements  of  10  psi 
Salinity  of  initial  pore  fluid;  unit  salinity 
Salinity  of  substitution  fluid;  non  saline 
Maxinua  consolidation  pressure;  90  psi 


PROPOSED  INVESTIGATION 


Compaction  of  Ca-aontnorillonite  with  substitution  of  pore  fluid 
at  20°C 


INITIAL  CONDITION  OF  SAMPLE 


Thickness;  57  am 
Moisture  content;  114* It 


FINAL  CONDITION  OF  SAMPLE 


Thickness;  39  an 
Moisture  content;  66.71 


FURTHER  COMMENTS 


TABLE  10.T ■*  Re  suits  of  chemical  analysis  of  pore  fluids  expelled  from  FE  31 

Concentration  mg/1 
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TABLE  10. 8- Results  of  cheaical  analysis  of  pore  fluids  expelled  from  FE  33 

Concentration  ng/1 
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Fuller*  Barth  remoulded  in  ulbu  wtw  and  placad  in  Iowa  Call 


Rata  of  loading;  increments  of  10  pai 

Rata  of  unloading;  10  psi/hr 

Salinity  of  initial  paaa  fluid;  unit  salinity 

Salinity  of  substitution  fluid;  non  salina 

Maxima  consolidation  pressure;  IS  psi 


Compaction  of  Ca-montmoril Ionite  with  substitution  of  pore  fluid 
at  60°C 


INITIAL  CONDITION 


Thickness;  75mi 
Moistura  content;  116.9% 


Thicknass;  40  mb 
Moistura  contant;  56.6% 
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th  remoulded  in  wlinl  water  and  allowed  to  soak  for 
re  tedi* anting  direct  into  Cel 1 


Rate  of  loading;  10  ppi/hr 

Rate  of  unloading;  10  psi/hr 

Salinity  of  initial  pojre  fluid;  unit  salinity 

Maxiittnk.coasol Ida  t ion  pressure;  5000  psi  for  9 days 


Coapaction  of  Ca-aontaorillonite  at  a teaperature  gradient 
of  10°C/1000  psi  from  20°C 


Thickness;  3.103  inches 
Air  dry  weight;  401.1  g 


Moisture  content;  27.81 

Thickness;  1.19Sinch*s 

**** 

*.l(l>x;  *42. J g 


TABLE  10.10  - Results  o£  chemical  analysis  of  pore  fluids  expelled  from  FE  38 

Concentration  mg/1 
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TABLE  10. 11 


Results  of  small  shear  box  tests  on  specimens 
compacted  in  the  high  pressure  oedometer. 
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APPENDIX  1 


UNITS 


The  United  Kingdom  and  member  countries  of  the  Europen  Economic 
Coniiunity  now  use,  in  part,  the  Systeme  International  d'Unites  (abbreviated 
to  SI).  The  relationship  between  SI  Units  and  others  in  coaaon  use  is  as 
follows:* 


This  unit  • these  units 


Quantity 


UK  laperial 


SA  units 


Length 


30.48  cm 
2.54  ca 
929.0  ca2 
6.452  ca2 
28316.8  ca3 
16.39  ca3 
4.546  1 
453.6  ga-aass 
453.6  gm-wt 
70.31  gm  cm" 
0.016  ga  ca 

0.488  ga  ca 

»4,  0.914  ca2  kj 

929  Ca2  yea 
30.48  ca  year 


foot 

inch2 

foot3 

inch3 

1.2009  U$  gal 

0.03108  slugs 
lb  wt 

lb  wt  in"2 
lb  ft"3 
lb  wt  ft"2 
ft2  ton  wt 
ft2  year"3 
ft  year”3 


Volume 


lb  (mass) 
lb  (force)* 
lbf  in'2 
lb  ft"3 
lbf  ft"2 
ft2  ton  f"3 
ft2  year"3 

Permeability  ft  year’3 


0.4536  kg 
4.448  N 
6.895  kN  a 
16.018  kg  a 
47.88  Na"2 
9.324  a2  Ml 
0.0929  a2 


Force 

Pressure 

Density 


Basic  units  of  SI  are  the  aetre,  kilogramme,  second  and  Kelvin, 
however  the  year  is  a commonly  used  unit  of  time.  1 year  ■ 31.54  x 10* 
seconds . 


(*)  also  known  in  the  UK  as  lb  wt  or  poundal 


NEKTON:  This  is  the  SI  unit  of  force  * mass  x g,  which  by  definition 

in  'SI  units  is  the  force  to  give  a mass  of  1 kg  an  acceleration 
of  1 m per  sec  per  sec.  g ■ 9.81  n/sec 

Commonly  used  multiples  and  sub-multiples  of  units... 

M - mags  - 10* 

k - kilo  - 10s 
m • mllli  - 10"3 
K • micro  • 10"6 


